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CHAPTER 1.     
THESIS ORGANIZATION, GENERAL INTRODUCTION, AND LITERATURE 
REVIEW 
Thesis organization 
This thesis comprises five chapters and details the evaluation of wastewater-grown-algae-
based materials as plant fertilizers in container-crop production. Chapter one provides context for 
the thesis followed by a detailed review of literature relevant to bio-based fertilization and the 
use of algae to treat wastewater. Chapters two through four are manuscripts intended for 
submission to HortScience. Chapter two details the production of three container-grown crops 
with pellets or pastes of wastewater-grown algae as a fertilizer source. Evaluation of extruded 
algae-and-bioplastic materials as fertilizers for three container-crops and for turfgrass are 
reported in chapters three and four, respectively. The final chapter synthesizes the results of 
chapters two through four to form general conclusions regarding the efficacy of wastewater-
grown algae as a horticultural fertilizer, and finally, suggests areas meriting further research.  
 
General introduction 
Floriculture and turfgrass are high-value sectors of the United States horticulture industry 
with significant economic impacts. In 2015, the United States wholesale floriculture industry 
sales totaled more than 4.37 billion USD, of which containerized-crops accounted for nearly 3.4 
billion USD, and the total estimated economic impact of the United States turfgrass and lawncare 
industry was nearly 58 billion USD in 2002 (Haydu et al., 2006; U.S. Dept. Agr., 2016). 
Containerized-crops produced by the floriculture industry include annual bedding and garden 
plants, herbaceous perennials, and potted flowering plants; the turfgrass industry encompasses 
home lawns, sports turfs, and golf courses. High production density and the necessity of 
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consistently high-quality products are traits shared by the floriculture and turgrass industries, 
which incur the need for plant nutrient supplementation via fertilizers. Fertilizers provide mineral 
nutrients—primarily nitrogen (N), phosphorus (P), and potassium (K)—that plants require for 
growth and development. The Food and Agriculture Organization of the United Nations (2017) 
reported that, in 2015, 110 million tons of N fertilizers along with 48 million tons of P2O5 
(phosphate) fertilizers were applied globally. 
Synthetic fertilizers are the primary source of nutrients used in horticultural production 
and account for nearly 50% of all N applications globally (West and Marland, 2002). Ammonia, 
the primary component of conventional N fertilizers, is manufactured using the Haber–Basch 
process and has significant negative impacts associated with its production—greenhouse-gas 
equivalents from ammonia production total 875.5 g CO2 eq / kg N, and fossil-fuel energy use 
surpasses 57.5 MJ / kg N (West and Marland, 2002). Conventional fertilizers typically provide 
phosphorus as phosphate, an inorganic material mined from finite deposits. Recent estimates 
predict that economically viable phosphate reserves could be depleted within 50 years based on 
current usage rate (Childers et al., 2011). In addition to the impacts associated with fertilizer 
production, use of these materials can cause downstream damage—nitrates and phosphorus often 
transfer to surface waters through runoff and leaching. As reviewed by Carpenter et al. (1998), N 
and P pollution occur mainly through nonpoint sources, of which fertilizer use makes up a large 
portion. Water treatment to remove these polluting nutrients has conventionally involved 
resource-intensive and costly processes (Wang et al., 2010). The multifaceted drawbacks of 
traditional synthetic fertilizer have led to the desire for alternative sustainable fertilizers for crop 
production (Carpenter et al., 1998; Pelletier et al., 2008; Solovchenko et al., 2016).  
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Algae produced during the treatment of wastewaters has potential to ameliorate issues 
surrounding conventional fertilizer. Algae-based wastewater treatment can remove polluting 
nutrients from wastewaters more efficiently than traditional systems. Additionally, algae biomass 
from wastewater treatment could be used as bio-based fertilizers for crop production. As a 
biologically based (bio-based) alternative, algae fertilizers could supplant some of the 
dependency on conventional fertilizers, reducing the need for their costly production.  
In this work, wastewater-grown algae was harvested from wastewater treatment systems, 
and composite materials were developed for use as plant fertilizers. First, the efficacy of algae 
pellets and pastes as fertilizers was evaluated during the production of corn (Zea mays L.), french 
marigold (Tagetes patula L.), and tomato (Solanum lycopersicum L.). Then, extruded pellets that 
comprised various proportions of algae, soy flour, biochar, and the bioplastic polylactic acid 
(PLA) were developed. Six formulations of these extruded pellets were tested as fertilizers 
during the production of african marigold (Tagetes erecta L.) and gerbera daisy (Gerbera 
jamesonii Bolus ex Hooker f.). The same formulations were also used as fertilizers during the 
establishment and growth of perennial ryegrass (Lolium perenne L.). The two most effective 
formulations from these trials were selected for additional experiments. Gerberas and pansies 
(Viola × wittrockiana Gams.), as well as perennial ryegrass, were provided low, medium, and 
high application rates of the selected fertilizer. The objectives of this work were to evaluate the 
efficacy of wastewater-grown algae and algae-based composites as fertilizers in container-crop 
and turfgrass applications, and to compare the performance of algae-based fertilizers with a 
commercially available bio-based fertilizer and a conventional synthetic controlled-release 
fertilizer. 
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Literature review 
This literature review spans two areas of research.  First, it examines bio-based fertilizers 
for container-crop and turfgrass systems, focusing on the factors influencing their efficacy. I then 
review wastewater treatment with algae, its benefits, and the fertilizer potential of the algae 
produced by these systems. 
Bio-based fertilizers for container-crop production 
Horticultural researchers have focused recently on the potential of bio-based fertilizers, 
particularly materials certified as organic by governing agencies. However, the focus of this 
review focus is broader and considers bio-based fertilizers as a whole, including research on 
waste and co-products, as well as bioplastic-based products, all of which may not be not certified 
organic. Bio-based fertilizers are materials that originate from biomass and are supplied to plants 
to enable or supplement growth and development by providing essential nutrients.  
Many plant- and animal-based materials have been explored for use as bio-based 
fertilizers. Like their conventional counterparts, both solid and liquid bio-based fertilizers exist. 
Examples of each include blood meal, bone meal, milled poultry feathers, digested sewage 
sludge, and algae; and soybean oil, guanos, worm compost tea, and fish emulsion, respectively 
(Bi et al., 2010; Burger et al., 1997; Burnett et al., 2016; Eaton et al., 2013; Gagnon and 
Berrouard, 1994; Gravel et al., 2012; Hartz and Johnstone, 2006; Montagu and Goh, 1990; 
Nelson et al., 2010; Rippy et al., 2004; Zhai et al., 2009). Commercially available bio-based 
fertilizers contain these materials, or more commonly, combinations of multiple components 
(Burnett et al., 2016; Treadwell et al., 2007). Additionally, novel fertilizers combining 
bioplastics with bio-based nutrient sources have demonstrated promise for horticultural 
applications (Behrens, 2017; McCabe et al., 2016a, 2016b; Schrader et al., 2013). When 
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evaluating bio-based materials as fertilizers, properties that must be considered include N 
availability, material effect on substrate pH, and potential phytotoxic effects, as well any other 
properties that may impact production practices (Burnett and Stack, 2009; Burnett et al., 2016; 
Treadwell et al., 2007).  
The form and plant-availability of fertilizer-N is the foremost difference when comparing 
bio-based and conventional fertilizers. Whereas conventional solid fertilizers can be applied in 
plant-available forms and with specified nutrient-release rates, bio-based fertilizers are 
dependent on mineralization for N availability. Further complicating the situation, numerous 
factors affect mineralization rates of organic-N, including substrate temperature and water 
content, carbon-to-nitrogen ratio (C:N), and particle size (Agehara and Warncke, 2005; Burger et 
al., 1997; Hartz and Johnstone, 2006; Kraus et al., 2000; Montagu and Goh, 1990). 
Mineralization occurs more quickly as temperature increases, but organic-N from bio-based 
fertilizers is initially released by enzymatic hydrolysis and ammonification, which are only 
slightly affected by temperature differences within the range of normal production (Hartz and 
Johnstone, 2006; Kraus et al., 2000). Furthermore, breakdown and release of nutrients happen 
more quickly as fertilizer particle size is decreased and occur quickest when fertilizers are 
applied as liquids (Montagu and Goh, 1990; Gravel et al., 2012). Liquid organic fertilizers 
rapidly release nutrients upon application, but possess limited sustained nutrient release (Hartz et 
al., 2010; Zhai et al., 2009). This necessitates consistent and repeated applications of liquid 
fertilizer for adequate plant nutrition if they are not used in conjunction with a slower-releasing 
fertilizer (Gravel et al., 2012). Conversely, a lag between application and N mineralization linked 
to suboptimal C:N can occur when solid, bio-based fertilizers are used alone (McCabe et al., 
2016a). Although solid bio-based fertilizers can provide longer-lasting fertility than liquid 
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fertilizers, both materials have limited durations compared to conventional fertilizers. In a study 
by Hartz and Johnstone (2006), ~50% of organic-N was mineralized from four high-N organic 
sources after two weeks, increasing to a maximum value of 66% organic-N mineralized after 
eight weeks. Mineralization rates similar to these or higher are consistent with other literature, 
e.g. Williams and Nelson (1992) and Hartz et al. (2010). Materials incorporating bioplastics and 
bio-based nutrient sources seem to be an exception to this, and some formulations can provide 
semi-controlled fertilizing effects for an extended duration (Behrens, 2017; McCabe et al., 
2016a, 2016b; Schrader et al., 2013). Understanding release rates and N availability of bio-based 
fertilizers, specifically how N mineralization is affected by cultural variables during production, 
are essential components to successful integration of bio-based fertilizers into horticultural 
production systems. 
Along with nutrient content and release characteristics, the effect of bio-based fertilizers 
on substrate pH is critical. There is a limited range of substrate pH in which plants can acquire 
proper quantities of required nutrients; substrate pH levels outside of the optimal range, typically 
between 5.0 and 6.5, can cause both nutrient deficiencies and phytotoxicities (Gibson et al., 
2007; Nelson et al., 2010). Application and conversion of N in its various forms, along with plant 
uptake, impact substrate pH. When fertilizers containing organic-N are applied to a substrate, the 
organic-N is converted into ammonium (NH4
+), which can either persist as ammonium, be 
converted to ammonia (NH3), or be converted to nitrite (NO2
–) then nitrate (NO3
–) via 
nitrification (Matteson et al., 2009). Plant uptake of NH4
+ decreases substrate pH as plants 
release H+ ions to offset the charge of NH4
+ entering the plants; conversely, uptake of NO3
–
increases substrate pH as plants release OH– ions (Matteson et al., 2009). The practical 
implications of substrate pH and bio-based fertilizer interactions have been observed in the 
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production of container-crops. Rippy et al. (2004) grew tomatoes (Solanum lycopersicum L.) 
with commercially available blends of liquid organic components as fertilizers and observed that 
treatment-linked increases in substrate pH suppressed growth. Once the pH difference was 
accounted for and substrates were adjusted with sulfur, nutrient content of tomato tissues did not 
vary based on whether organic or conventional fertilizer were provided in similar nutrient 
amounts. Similar results were observed by Eaton et al. (2013) during the production of 
calibrachoa (Calibrachoa ×hybrida Llave & Lex) and african marigold with liquid fish emulsion, 
oilseed extract, and a commercially available organic-based liquid fertilizer. Plant growth and 
health were impacted by high substrate pH and low nutrient release by organic fertilizers, leading 
to lower tissue nutrient concentrations. However, the effect of bio-based materials on pH is not 
uniform among studies and seems most related to the form of fertilizer being applied and 
substrate components (Bi et al., 2010; Burnett et al., 2016). The integrated nature of substrate pH 
and plant nutrition makes optimizing pH management an essential consideration when applying 
bio-based fertilizers.  
Nutrient toxicities caused by either excess nutrient uptake when plants are exposed to 
suboptimal substrate pH or by contaminating materials such as heavy metals, are frequent 
concerns related to bio-based fertilizers. Ammonium toxicity is of specific interest as organic-N 
is converted first to ammonium in soil substrates, and at low substrate pH or at growing 
temperatures below ~15°C, nitrification can be inhibited and ammonium concentrations can 
reach values detrimental to plant health (Matteson et al., 2009). Nelson et al. (2010) studied the 
potential of liquid soybean-based fertilizers to cause ammonium toxicity in four bedding plants. 
The authors found that at low liming rates (low substrate pH) ammonium toxicity occurred in 
plants that were supplied the soybean-based fertilizers, but at standard liming rates (higher 
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substrate pH) toxicities were only present in pansies supplied with soybean-based fertilizer and 
were not as severe. The possibility of heavy metal toxicities resulting from bio-based 
fertilization, especially with waste-based materials, is of significant concern (Baldwin and 
Shelton, 1999; Fetter et al., 2013). Heavy metals include both elements essential to plant growth 
at some level like Fe, Mo, Mn, Cu, or Zn, and also elements with no known function, such as Cd 
and Pb (Bryson et al., 2014; Schützendübel and Polle, 2002). While plants can tolerate varying 
levels of different heavy metals, heavy metals can cause severe oxidative stress when 
concentrations reach critical levels, leading to tissue damage and plant death (Schützendübel and 
Polle, 2002). Heavy metals can accumulate in soils when waste- or co-product-based materials 
such as municipal solid wastes or manures are land-applied, leading to increased plant exposure 
and toxicity (Baldwin and Shelton, 1999; Pinamonti et al., 1997). However, no literature was 
found that documents similar occurrences in container-crop production with bio-based materials. 
Avoiding toxicities from bio-based fertilizers should be easily accomplished through proper 
cultural practices.  
Although nutrient management is the foremost consideration when using bio-based 
fertilizers, disease pressure and ease of fertilizer application are also important considerations 
(Burnett and Stack, 2009; Hall et al., 2009). The relationship between bio-based fertilizers and 
disease pressure is not entirely clear. As reviewed by Noble and Coventry (2005), there is 
significant evidence that bio-based materials, specifically compost and compost teas, can inhibit 
plant pathogens and reduce crop disease. However, in at least one study, liquid bio-based 
fertilizers were linked with increased pathogen attack during container-crop production. Zhai et 
al. (2009) attributed reduced tomato yields and plant growth to treatment-related increases in 
pathogenic attack. Ease of implementation is a leading cause for grower hesitance in adopting 
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sustainability practices; the ability to incorporate sustainable materials into current production 
systems is of particular concern (Hall et al., 2009).  Solid, bio-based fertilizers are easily 
incorporated into crop production systems in which solid amendments are already used, although 
shelf life has to be considered for some bio-based materials (Burnett et al., 2016; McCabe et al., 
2016a; Treadwell et al., 2007). To a degree, liquid, bio-based fertilizers can also be incorporated 
directly in place of their conventional counterparts, but varied material properties, like viscosity, 
inhomogeneity, and the presence of suspended solids, often lead to problems with the irrigation 
systems used for their application (Burnett et al., 2016; Treadwell et al., 2007). 
The diverse characteristics of bio-based fertilizers have led to mixed performance when 
incorporating them into container-crop systems. However, when qualities particular to bio-based 
fertilizers are considered and adjusted for, these fertilizers have been successfully used in the 
production of vegetable crops and transplants, along with bedding plants and potted plants 
produced for their flowers (Bi et al., 2010; Coppens et al., 2016; Eaton et al., 2013; Gagnon and 
Berrouard, 1994; Gravel et al., 2012; McCabe et al., 2016a; Nelson et al., 2010; Rippy et al., 
2004; Rochefort et al., 2013; Williams and Nelson, 1992; Williams et al., 2009). Nevertheless, 
because of the lack of standardized availability of individual bio-based fertilizer feedstock 
materials, continued research is necessary to examine new materials for their potential use in bio-
based fertility management.  
Bio-based fertilizers for turfgrass systems 
Turfgrass production and maintenance span both professionally and personally managed 
systems, including, golf courses and sports turfs, along with home lawns. These systems are 
typically intensively managed and require considerable resources for their upkeep, including 
significant fertilizer application (Law et al., 2004; Christians et al., 2017). Fertilization practices 
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in these systems face a number of additional constraints beyond those dealt with in container-
crop production (Marshall et al., 2015). These include climatic variation and diverse substrates.  
Climatic variation can play a significant role in the efficacy of fertilizers for turf. 
Temperature, as discussed previously, affects the release rate of nutrients from organic sources. 
In cold climates, the performance of bio-based fertilizers may be limited compared to that of 
conventional synthetic fertilizers (Aamlid et al., 2009). However, bio-based fertilizers have been 
successful for turfgrass production even in cool, temperate regions (Griffith et al., 2017). 
Substrate moisture variability also affects nutrient release from organic sources. Agehara and 
Warncke (2005) found that hydrolysis and mineralization of organic-N from bio-based fertilizers 
increased with substrate moisture content, although at different rates depending on the material. 
Climatic variability affects the efficacy of bio-based fertilizers and must be considered during 
their utilization in outdoor growing systems.  
Soils, natural or amended, and sand are typical substrates for turfgrass (Adams, 1980; 
Christians et al., 2017). By nature, soils can vary greatly in composition; sand, clay, silt, and 
organic matter are all possible components of soil, each of which impacts the interaction between 
fertilizers and soil differently (Foth, 1990). Of particular interest are the sand-based substrates 
prevalent in sportsturf systems. The structure and composition of these substrates create a unique 
challenge for nutrient management; in these systems water needs to be able to move readily 
through the substrate profile, but nutrient loss through leaching should be minimized (Adams, 
1980). The addition of organic materials to sand-based substrates can improve their ability to 
bind nutrients, but also increases their water retention, a possibly detrimental effect in sportsturfs 
(Tester, 1990). In both turfgrass grown on soil or sand, runoff and percolation after precipitation 
or irrigation events can cause significant nutrient loss in conventionally fertilized turfgrass (King 
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et al., 2007; Morton et al., 1988). Consequently, controlled- and slow-release fertilizers could be 
a preferred source of plant nutrients to minimize nutrient loss and environmental damage by 
turfgrass fertilization.  
Like for container-crop production, many bio-based materials have been used as turfgrass 
fertilizers with varying degrees of success. Blood meal, bone meal, and corn gluten meal are 
commercially available organic fertilizers marketed for lawn and turf applications. Additionally, 
seaweed extracts, composts, and co-products of waste and food-processing industries have been 
tested experimentally. Successful bio-based fertilizers lead to increased soil organic matter, 
greater nutrient retention, and higher color quality and quantity of turf biomass (Fetter et al., 
2013; Garling and Boehm, 2001; Landschoot and Waddington, 1987; Mertz et al., 2017; Zhang 
and Ervin, 2004). However, there is evidence that heightened ammonium concentrations and 
phytotoxicity following the application of bio-based fertilizers can inhibit establishment of turf, 
so the growth stage of plants must be considered when using these materials (Cheng et al., 2007; 
Hunter and Rosenau, 1966; Linde and Hepner, 2005).  
Overall, the use of bio-based fertilizers in turfgrass industries is an area of consistent 
interest that has been growing with recent concern for environmental stewardship. Variable 
success in the application of bio-based materials has been related to the complex interactions 
among organic material properties and site conditions like varied substrates and climates. There 
remains a need for continued research on alternatives for conventional fertilizers that can be 
implemented with consistency in turfgrass systems.  
Extruded bioplastic fertilizers 
Within the niche of bio-based fertilizers, materials incorporating bioplastics have shown 
promise in ameliorating some of the aforementioned challenges associated with their use. 
12 
 
Schrader et al. (2013), McCabe et al. (2016a, 2016b), and Behrens (2017) used compounds of 
various bioplastics with soy materials in the production of horticultural crops. Their work 
demonstrated that soy-based bioplastic materials could be used to deliver plant nutrients 
effectively in a slow, semi-controlled manner. Additionally, the physical properties of soy-based 
bioplastic pellets were congruous to those of conventional granular fertilizers, indicating ease of 
incorporation into conventional production systems. However, as noted by McCabe et al. 
(2016a), N concentration in these fertilizers was lower than that of conventional fertilizers, 
necessitating increased application volume. To account for this, during experiments exploring 
the efficacy of bioplastic pellet fertilizers to produce container-grown floriculture crops, the 
more expensive soy-protein isolate was used in place of soy flour for its higher N concentration 
(McCabe et al., 2016a). Composite fertilizers of bioplastic and bio-based nutrient sources have 
potential for horticultural application, but increasing nutrient concentration while limiting 
production cost and exploration of additional nutrient-supplying materials must be addressed 
further.  
Algae-based wastewater treatment 
Algae-based wastewater treatment systems show potential as a sustainable and efficient 
means for the removing polluting nutrients from wastewater, which in conventional treatment 
systems is expensive and resource-intensive (Boelee et al., 2011; Craggs et al., 2011; Gouveia et 
al., 2016; Gross et al., 2013, 2015; Mulbry et al., 2005; Solovchenko et al., 2016; Wang et al., 
2010). Conventional wastewater treatment with activated sludge requires 0.83 to 3.45 kJ of 
energy per L of wastewater treated (Craggs et al., 2011). By comparison, high-rate algae ponds, 
an algae-based treatment system that is relatively inefficient compared to other algae-based 
systems, use approximately 0.18 to 0.40 kJ per L of wastewater treatment (Craggs et al., 2011). 
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Carbon sequestration is an additional benefit of algae-based treatment systems; up to 1.8 g of 
CO2 are sequestered per g of algae biomass (Fernández et al., 2012). Using wastewater as a 
feedstock for algae production is also beneficial from a biomass-production standpoint; algae 
biomass production is most sustainable when wastewater is used as its nutrient source (Clarens et 
al., 2010). However, although algae production from wastewater treatment shows promise, exact 
estimates for removal efficiency, production, and sustainability vary greatly by production 
system and consistency of wastewater (Cai et al., 2013; Diniz et al., 2017). Until recently, this 
variability limited prospects for mainstream adoption of wastewater treatment with algae 
(Christenson and Sims, 2011). Wastewater treatment with biofilm-adhered algae, such as 
revolving algal biofilm (RAB) systems, has shown promise for reducing the energy requirement 
for algal biomass harvesting and increasing uniformity of biomass production, further increasing 
the efficiency of algae production (Christenson and Sims, 2011; Gross et al., 2013, 2015). 
Heightened production of wastewater-grown algae has led to increased interest in valuable uses 
for the material. 
Wastewater-grown algae as a fertilizer  
 As a biological material with high concentrations of sequestered plant nutrients, 
wastewater-grown algae could be utilized as a fertilizer (Coppens et al., 2016; Mulbry et al., 
2005, 2006; Solovchenko et al., 2016). Unfortunately, limited research has been performed to 
evaluate efficacy of these materials as fertilizers, specifically in horticultural applications. 
Mulbry et al. (2005) grew seedlings of corn and cucumber (Cucumis sativus L.) in growth 
chambers and used dried algal biomass produced on anaerobically digested dairy manure as a 
fertilizer. After twenty days, seedlings had higher tissue P and similar tissue N to conventionally 
fertilized plants, and were of similar size and appearance. Additionally, Mulbry et al. (2006) 
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grew seedlings of corn in a growth chamber and compared the fertility effects of algae grown in 
lab and outdoor systems by using various manure effluents as mediums. At low N application 
rates, seedlings of corn were similar among treatments provided algal materials or conventional 
fertilizer. At high N application rates, seedlings provided the lab-grown algae had the highest 
shoot mass and shoot N and P concentrations, and those provided the outdoor-grown algae the 
lowest. In more recent work, algal flocs sourced from the treatment of aquaculture effluents were 
used to grow tomatoes (Coppens et al., 2016). Plants of tomato provided with algae fertilizers 
were of similar size and had nutrient concentrations similar to or higher than conventionally 
fertilized plants, but had reduced fruit yield. However, fruit from algae-fertilized plants were 
higher in carotenoids and sugars. As demonstrated by these three studies, wastewater-grown 
algae can be used as a fertilizer for container-crops. However, it seems their efficacy varies 
based on how the algae is produced and on the crops grown. Additional work must be conducted 
to measure wastewater-grown algae as fertilizers more fully.  
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Abstract 
Drawbacks of traditional synthetic fertilizer led us to explore a biologically based (bio-
based) alternative. Our objective was to quantify the efficacy of wastewater-grown algae pellets 
and pastes harvested from rotating algal biofilm systems as fertilizers for three crops, 
‘Honeycomb’ marigold (Tagetes patula L.), ‘Beefsteak’ tomato (Solanum lycopersicum L.), and 
‘Ambrosia’ sweet corn (Zea mays L.). Factorial experiments were setup for each crop with 
fertilizer type (algae pellets, algae paste, a synthetic controlled-release fertilizer, or a 
commercially available organic fertilizer from wastewater treatment) and substrate (commercial 
or custom-made) as factors. The interaction of fertilizer and substrate affected plant growth, 
shoot nutrient concentration, and substrate pH and EC. Algae pellets and paste supplied nutrients 
to the plants effectively, increasing shoot size, dry weight, health, and nutrient concentrations 
compared to unfertilized controls. Notwithstanding some variability among crops, performance 
of algal materials was similar to that of the synthetic fertilizer, and better than that of the organic 
fertilizer. As a bio-based fertilizer that supplies plants with recycled nutrients sequestered from 
wastewater, wastewater-grown algae has the potential to reduce the impacts of fertility 
management in container-crop production by partially supplanting synthetic fertilizer use. 
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Introduction 
The United States floriculture industry is a high-value industry with sales totaling more 
than 4.37 billion USD in 2015 (U.S. Dept. Agr., 2016). Container-crops, including potted 
flowering plants, annual bedding plants, and garden crops, accounted for nearly 3.4 billion USD 
of floriculture sales (U. S. Dept. Agr., 2016). High production densities, plant quality 
requirements, and the use of soilless substrates contribute to the necessity for fertilization. 
Fertilizers provide the nutrients—primarily nitrogen (N), phosphorus (P), and potassium (K)—
that plants require for growth and development. Synthetic fertilizers account for nearly 50% of 
all N applications globally and are the primary source of nutrients used in horticultural 
production (West and Marland, 2002). However, drawbacks of synthetic fertilizers, specifically 
the environmental impacts associated with their production and use, have led to demand for 
sustainable alternatives (Carpenter et al. 1998; Pelletier et al., 2008).  
Non-synthetic and biologically based (bio-based) materials have been explored as 
possible replacements for synthetic fertilizer and show potential in addressing concerns related to 
conventional fertilizer use (Burnett et al., 2016; McCabe et al., 2016; Schrader et al., 2013). Bio-
based fertilizers are more sustainable, and their use causes reduced ecological impacts compared 
to synthetic fertilizers (Pelletier et al., 2008). Many bio-based sources have been examined for 
their potential as fertilizers, including co-products of plant processing, such as soy flour and 
vegetable oils; animal manures; fish emulsion; co-products of wastewater treatment, like sludge 
and millorganite; and algae (Chaney et al., 1980; Mulbry et al., 2005; Nelson et al., 2010; 
Schrader et al., 2013). Of these sources, algae, specifically that sourced from wastewater 
treatment systems, has shown particular promise for providing an alternative to synthetic 
fertilizers for container-crop production (Mulbry et al., 2005, 2006; Solovchenko et al., 2016).  
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The potential benefits of utilizing wastewater-grown algal materials to replace synthetic 
fertilizers are multifaceted. Along with most other bio-based fertilizers, algae can be used to 
supply plant nutrients in organic forms, as opposed to the inorganic forms provided in synthetic 
fertilizers (Mulbry et al., 2005). Organic forms of nitrogen must undergo biological 
mineralization before becoming soluble and thus have reduced mobility compared to their 
inorganic counterparts, leading to a lower likelihood of nutrient loss via leaching (Gaskell and 
Smith, 2007; Solovchenko et al., 2016). Additionally, unlike synthetic fertilizers, the fixation of 
nutrients in algal biomass occurs through biological processes, avoiding the ecological impacts 
associated with synthetic fertilizer production (Boelee et al., 2011; Mulbry et al., 2005). 
Furthermore, through sequestration of plant nutrients from wastewater streams, wastewater-
grown algae serves the dual purpose of wastewater treatment and nutrient recycling (Boelee et 
al., 2011; Cai et al., 2013; Mulbry et al. 2005). However, despite the advantages these 
wastewater-grown algal materials may have over traditional fertilizers, gaps in algae production 
capacity and cost efficiency, along with the lack of applied research on specific application 
effects, have limited the adoption of these materials in container-crop production. 
High costs and low availability of wastewater-grown algae have been limiting factors on 
its use in crop production systems. While algal biomass production is a heavily studied topic, 
actual algal biomass production has remained limited due to the energy requirements associated 
with production systems (Christenson and Sims, 2011). Until recently, methods for generating 
significant quantities of algal biomass required high energy inputs, and while low-energy 
alternatives like raceway ponds exist, they produce only limited quantities of algae. Furthermore, 
harvesting algae from these systems is difficult and accounts for more than 20% of the costs 
associated with production (Davis et al., 2011). New systems utilizing fixation of algae to 
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biofilms, like Rotating Algal Biofilm (RAB) systems, have mitigated many of the 
aforementioned drawbacks and significantly increased the efficiency of algal biomass production 
by increasing the volume of algae produced, reducing energy inputs required, simplifying the 
harvesting processes, and utilizing wastewater streams as nutrient sources (Gross et al., 2013, 
2015). Increased productivity of wastewater-grown algal biomass has improved material 
availability and reduced the costs.  
There is limited literature evaluating wastewater-grown algae as a container-crop 
fertilizer. Mulbry et al. (2005, 2006) and Coppens et al. (2017) assessed algae grown during the 
treatment of animal waste effluents as fertilizer. Mulbry et al. (2005, 2006) grew seedlings of 
corn and cucumber with dried algal biomass, while Coppens et al. (2017) grew tomatoes with 
algae-bacteria flocs. In each of these studies, plants supplied with algae had increased growth 
and visual quality compared to unfertilized controls. However, there has been no work 
measuring the fertilizing effect of algae harvested from municipal wastewater treatment systems, 
nor as a fertilizer for floriculture crops. Additionally, neither of the aforementioned studies were 
performed in typical container-crop production culture. To gauge the potential of wastewater-
grown algae as fertilizer, additional applied research with these materials is warranted.  
We evaluated the efficacy of wastewater-grown algae paste and pellets as fertilizers for 
three container-crops, french marigolds, tomato, and sweet corn. These algal materials are easily 
incorporated into the substrates used in container-crop production and should provide a slow 
release of nutrients for plant uptake. As an effective bio-based fertilizer, wastewater-grown algae 
would reduce reliance on synthetic fertilizers in container-crop production and lessen impacts 
associated with synthetic fertilizer use. We hypothesize that both algae paste and algae pellets 
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will serve as effective fertilizers for these crops, and plants supplied with these materials will be 
similar in health and size to those provided with traditional synthetic fertilizers.  
Our objectives were to evaluate the growth and health of plants supplied with 
wastewater-grown algal materials as fertilizer and compare the performance of these materials 
with two commercially available fertilizers, a synthetic controlled-release fertilizer (CRF) and a 
wastewater treatment co-product that supplied nitrogen in an organic form. 
Materials and methods 
Algae fertilizer production 
Algae used in fertilizer materials was grown in rotating algal biofilm (RAB) systems 
(Gross et al., 2013) with simulated municipal wastewater as the growth medium. Most algae 
were Scenedesmus sp., Pediastrum sp., and Chlorella sp. (M. Gross, personal communication). 
Algae pellets were formed with a flat die pellet press (MZL–200; Muyang, Yangzhou, China) 
after drying algae to 20% moisture content. Algae paste was harvested directly from the RAB 
system. Algae was analyzed for total N using the Kjedahl method, and P and K were measured 
with an inductively coupled argon plasma atomic emission spectrophotometer (Ciros CCD ICP–
AES; SPECTRO Analytical Instruments, Kleve, Germany). 
Fertilizer application 
Pellets and paste of algae were used alongside a CRF [Florikan CORE 90-d release 
16.0N–2.2P–9.1K (Florikan ESA, Sarasota, FL)] and a commercially available organic fertilizer 
[Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI)]. All fertilizers were applied by 
weight at a standardized rate of N that corresponded to the label recommendation of the CRF, 
641.2 g N·m–3. Fertilizer treatments were weighed and incorporated throughout the substrate on 
a per-unit basis.  
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Production of container-crops with algal materials, CRF, and a commercial organic fertilizer 
Seeds of ‘Honeycomb’ french marigold, ‘Beefsteak’ tomato, and ‘Ambrosia’ sweet corn 
were grown in 288-cell plug trays (T.O. Plastics, Inc., Clearwater, MN) filled with soilless 
germination substrate (Fafard Germination Mix, Sun Gro Horticulture, Agawam, MA) in a 
growth chamber (PGC-10; Percival Scientific Inc., Perry, IA) for 20 d. Plants were transplanted 
into containers with a top diameter of 11.4 cm (STD04500; ITML, Middlefield, OH) filled with 
substrate and fertilizer treatments. The substrate treatments were a commercial soilless substrate 
(Sun Gro LC–1; Sun Gro Horticulture, Agawam, MA) or a custom-made 3:1 mix (by volume) of 
sphagnum (Sun Gro Peat Moss Grower Grade White; Sun Gro Horticulture, Agawam, MA) and 
perlite (Therm-O-Rock East, New Eagle, PA) amended with 3 kg·m–3 calcium carbonate 
(Mississippi Lime Company, St. Louis, MO). In algae fertilizer treatments, moisture content of 
the algae was measured with an infrared moisture analyzer (MA160; Sartorius Group, Göttingen, 
Germany) and used to calculate weight of fertilizer to be applied. Plant units were then moved to 
expanded metal benches at 20-cm spacing in a glass-glazed greenhouse and arranged in a 
completely randomized design by crop. Supplemental irradiance was provided from 400–W 
high-pressure sodium lamps (HPS400; Sunlight Supply, Inc., Vancouver, WA) between 0600 
and 2200 HR when total outdoor irradiance decreased below 350 W·m–2 and was discontinued 
when total outdoor irradiance exceeded 450 W·m–2. Plants were individually irrigated to 
substrate capacity with tempered tap water. No supplemental fertilizer was provided. Average 
daily air temperature during production was 21.4 ± 1.4°C, relative humidity ranged from 19.6% 
to 83.7% (mean = 45.22%), and daily mean PAR was 76 µmol·m–2·s–1. 
After five weeks in the greenhouse, the PourThru extraction method (Cavins et al., 2008; 
LeBude and Bilderback, 2009) was used to collect leachate from each pot. Electrical 
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conductivity (EC) and pH of the leachate samples were measured with a handheld pH–EC meter 
(HI 9813‒6; Hanna Instruments, Smithfield, RI) to qunatify substrate soluble salt concentration 
and pH. Plants were then visually evaluated and rated by three trained horticulturists blind to 
treatments. Values of 0 to 5, where a rating of 5 indicated a plant that appeared robust and 
healthy, 3 a satisfactory plant, and 0 a dead plant, were assigned based on the visual assessment. 
Qualities considered by raters were plant size, color, presence of chlorosis, and other symptoms 
of nutrient-related problems. Dimensions of shoots were recorded by measuring height, width at 
widest point, and width perpendicular to widest point. Growth index was calculated by adding 
shoot height to the average of the two width measurements and then dividing this sum by two. 
Only height was measured for plants of corn and is reported in place of growth index. Shoots 
were then severed at the substrate surface, dried in a forced-air oven maintained at 67°C for 3 d, 
and shoot dry weight (SDW) was recorded. Three shoot samples were randomly selected from 
each treatment group to be analyzed for shoot N, P, and K concentrations. Shoot N was 
determined with a CN analyzer (Vario MAX CN Analyzer; elementar Americas, Inc., Mt. 
Laurel, NJ), while P and K were determined with an inductively coupled argon plasma atomic 
emission spectrophotometer (Ciros CCD ICP-AES; SPECTRO Analytical Instruments, Kleve, 
Germany).  
Statistical analysis 
Two-way analyses of variance (ANOVA; α = 0.05) and mean-separation with Tukey’s 
honestly significant difference test (HSD) at P ≤ 0.05 were performed by using RStudio (Version 
1.1.414; RStudio, Boston, MA). Results reported for health rating, growth index, and SDW are 
means of all replicates (n = 7), and nutritional results are means of the three selected replicates 
per treatment (n = 3). 
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Results 
Marigold 
 Fertilizer source and substrate had interactive effects on marigold SDW, growth index, 
and health (Table 2, Fig. 1). The SDW of marigolds provided with algae paste in the commercial 
substrate was similar to that of CRF-fertilized plants, 36% greater than that of plants fertilized 
with the organic fertilizer, and 89% greater than that of unfertilized plants. In the custom 
substrate, algae pellets, algae paste, and CRF led to marigolds with the greatest dry weight, 
132% to 151% more than that of unfertilized plants. Marigolds grown with algae paste or algae 
pellets in the commercial substrate were similar in size to plants supplied with CRF or organic 
fertilizer and larger than unfertilized plants (Fig. 1). In the custom substrate, marigolds provided 
either algal material were larger than organic-fertilized or unfertilized plants, but were similar to 
plants provided with CRF. Marigolds fertilized with algae paste or algae pellets were rated 
highest in both substrates, though CRF-supplied marigolds were also rated similarly in the 
commercial substrate and received scores similar to those of plants fertilized with algae pellets in 
the custom substrate (Fig. 1). On average, marigolds fertilized with algal materials received 
health ratings 2.0 and 2.6 higher than unfertilized plants in the commercial and custom 
substrates, respectively.  
Shoot nutrient concentrations were affected by fertilizer and substrate treatments, but not 
by their interaction (Tables 2, 3, and 4). Shoot N ranged from 1.69% to 6.77%. Plants grown in 
the commercial substrate had shoot N and K concentrations 0.62 and 0.39 higher than those of 
plants grown in the custom substrate, respectively. Marigolds supplied either algal material had 
similar shoot N concentrations, which were more than three times greater than those of 
unfertilized plants. Treatments of algae paste and pellets led to marigold shoot P concentrations 
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higher than those of the marigolds in the CRF or unfertilized treatments (Table 3). Marigolds 
supplied with either algal material or with CRF had shoot K concentrations higher than 
unfertilized plants.  
Fertilizer and substrate had interactive effects on substrate pH and EC of marigold (Table 
2). Substrate pH ranged from 4.7 to 5.9 in the commercial substrate and 5.8 to 6.7 in the custom 
substrate, and EC ranged from 1.59 to 4.27 dS·m–1 in the commercial substrate and 0.68 to 2.04 
dS·m–1 in the custom substrate (Table 6). 
Tomato 
Fertilizer and substrate affected shoot dry weight and health rating (Table 2 and Fig. 2), 
and their interaction affected growth index (Table 2 and Fig. 3). Tomatoes grown with algae 
paste were the largest, accumulating 10%, 82%, and 232% more weight than plants grown with 
CRF, organic, or no fertilizer, respectively (Fig. 2). SDW of plants fertilized with algae pellets 
was also larger than SDW of plants fertilized with the organic fertilizer by 50% and larger than 
that of unfertilized plants by 174%. Plants grown in commercial substrate averaged 1.93 g more 
weight than those grown in the custom substrate. In the commercial substrate, growth index 
ranged from 21.6 to 31.6, and was highest for plants fertilized with algae paste or CRF, and 
lowest in unfertilized plants (Fig. 3). Growth index of plants supplied with algae pellets were 
similar to those of CRF-supplied plants. In the custom substrate, growth index ranged from 14.8 
to 29.0 and was highest in plants supplied with either algal material or CRF. Health ratings were 
increased by 0.6 on average for plants grown in the commercial substrate (Fig. 2). Tomatoes 
supplied with algae paste, algae pellets, or CRF received the highest health ratings. However, 
tomatoes fertilized with algae paste were rated similarly to those provided the organic fertilizer.  
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There were interactive effects of fertilizer and substrate on tomato shoot N and P 
concentrations (Tables 2 and 5). When grown with either algal material in the commercial 
substrate, shoot N and P concentrations were greater than those of unfertilized plants (Table 5). 
Shoot N concentration of algae-pellet-fertilized plants was similar to that of tomatoes grown with 
organic fertilizer, while shoot N of plants provided with algae paste was not different from plants 
that received CRF. In the custom substrate, shoot N concentrations were higher for all fertilized 
plants than for unfertilized (Table 5). Plants supplied either algal material had similar shoot N 
concentrations, which were higher than those of CRF-fertilized plants and unfertilized plants, 
and lower than those of the tomatoes grown with the organic fertilizer. In both substrates, shoot P 
concentration of plants provided algae paste was the highest, followed by that of plants grown 
with algae pellets (Table 5). With the exception of algae paste, there were no differences for 
shoot K concentrations among fertilized and unfertilized treatments (Table 3). Tomatoes 
supplied with algae paste had shoot K concentrations similar to those provided with the 
commercial organic treatment and lower than plants in the other treatments. The commercial 
substrate increased shoot K concentration by 0.24 (Table 4).  
Fertilizer and substrate had interactive effects on tomato substrate pH and EC (Table 2). 
Substrate pH ranged from 4.9 to 5.9 in the commercial substrate and 5.3 to 6.1 in the custom 
substrate, and EC ranged from 1.61 to 4.21 dS·m–1 in the commercial substrate and 0.83 to 2.38 
dS·m–1 in the custom substrate (Table 6). 
Sweet corn 
 Shoot dry weight was affected by fertilizer and substrate, and their interaction affected 
height and health ratings (Table 2). Sweet corn grown in the commercial substrate accumulated 
1.4 g more weight than plants grown in the custom substrate (Fig. 4). Algae paste, algae pellets, 
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and CRF led to the highest SDW. Sweet corn supplied with algae pellets accumulated 39% more 
weight than plants grown with the organic fertilizer and 133% more weight than unfertilized 
plants. SDW of plants provided with algae paste was similar to that of plants grown with organic 
fertilizer, and 107% greater than SDW of unfertilized plants. Plant height ranged from 96.6 to 
119.1 cm, and from 77.9 to 113.1 cm in the commercial and custom substrates, respectively (Fig. 
5). Algae pellets and CRF treatments led to the tallest plants in both substrates, though in the 
commercial substrate plants supplied with the commercial organic fertilizer were also the tallest. 
Algae paste led to plants of similar height to those provided with algae pellets or CRF in the 
commercial and custom substrates, respectively. Health rating was affected by the interaction of 
fertilizer and substrate. In the commercial substrate, health ratings of plants supplied with either 
algal material were not different from those of other fertilized plants, but algae-paste-fertilized 
plants were rated 0.7 higher than unfertilized plants (Fig. 5). In the custom substrate, health 
ratings of sweet corn grown with either algal material were 0.8 higher than those of unfertilized 
plants and 0.3 higher than those of plants supplied with organic fertilizer, but 0.6 lower than 
those of CRF-fertilized plants (Fig. 5).  
Shoot N concentration was affected by either fertilizer or substrate treatment, but not 
their interaction (Table 2). The custom substrate led to shoot N concentrations 0.6% higher than 
those of plants in the commercial substrate (Table 4). Shoot N concentration was highest in 
plants supplied with the organic fertilizer and lowest in unfertilized plants. The two algal 
materials led to plants with similar shoot N concentrations, which were higher than those of 
plants grown with CRF or no fertilizer. Shoot P concentration was only affected by fertilizer 
treatment. Algae paste led to the highest shoot P concentrations, followed by algae pellet and 
organic treatments (Table 3). Treatments of CRF led to the lowest shoot P concentration. Shoot P 
31 
 
concentration was similar between algae-paste- and algae-pellet-fertilized plants, and was higher 
in plants fertilized with algae paste than in plants grown with CRF, organic fertilizer, or no 
fertilizer (Table 4). Fertilizer treatment did not affect shoot K concentrations, but plants in the 
commercial substrate had average shoot K concentrations 0.65 higher than those in the custom 
substrate.  
Fertilizer and substrate had interactive effects on substrate pH and EC of sweet corn 
(Table 2). Substrate pH ranged from 4.8 to 5.9 in the commercial substrate and 5.6 to 6.1 in the 
custom substrate, and EC ranged from 1.00 to 4.35 dS·m–1 in the commercial substrate and 0.64 
to 2.11 dS·m–1 in the custom substrate (Table 6). 
Discussion 
Our results demonstrate that wastewater-grown algae paste and pellets provide plant-
available nutrients to container-grown crops and can be used as fertilizers for the production of 
marigolds, tomatoes, and sweet corn. Notwithstanding some variability among crops, these 
algae-based fertilizers perform at least as well as conventional CRF, and as well as or better than 
the commercial organic fertilizer we used. As a bio-based fertilizer that sequesters and recycles 
nutrients from wastewater streams, wastewater-grown algae could reduce the environmental 
impacts related to fertility management in container-crop production by partially supplanting 
conventional synthetic fertilizers. 
Overall, growth and quality of plants provided wastewater-grown algae pellets or paste 
exceeded those of unfertilized plants and were similar to those of CRF-supplied plants (Figs. 1, 
2, and 3). Our results are consistent with related work with wastewater-grown algal materials to 
produce tomatoes with algae-bacteria flocs (Coppens et al., 2017) and corn in growth chambers 
(Mulbry et al., 2005, 2006). Coppens et al. (2017) used algae-bacteria flocs harvested from an 
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aquaculture wastewater treatment system as a fertilizer for tomato plant production. Plants of 
tomato provided with flocs were healthy and similar in size to those supplied with conventional 
synthetic fertilizer. Mulbry et al. (2005) fertilized seedlings of corn and cucumber with dried 
algal biomass grown on dairy manure effluent. They found that after 20 d seedlings fertilized 
with the algae were similar in size and nutrient content to seedlings provided with conventional 
fertilizers at the same rate. Mulbry et al. (2006) included standard and high application rates of 
dried algae sourced from lab and pilot-scale wastewater treatment systems. At a standard rate, 
seedlings provided with algal materials were similar to conventionally fertilized plants. We are 
unaware of research to evaluate wastewater-grown algae as a fertilizer for bedding plants, 
precluding direct comparisons. However, Bi et al. (2010) grew marigolds successfully with 
organic fertilizers, consistent with our findings. Furthermore, as reviewed by Burnett et al. 
(2016) and Treadwell et al. (2007), organic fertilizers typically are effective for the production of 
container-crops when applied at rates used for synthetic fertilizers. Our results align well with 
the literature by demonstrating the efficacy of wastewater-grown algae paste and pellets as viable 
fertilizers for marigolds, tomatoes, and sweet corn.  
Shoot nutrient concentrations help to explain the growth responses we observed. All 
fertilized marigolds were within or above recommended ranges for N (Table 2), while some 
treatments of tomato (Table 3) and corn (Table 4) were not (Bryson et al., 2014; Gibson et al., 
2007). No symptoms of N deficiency were observed among fertilized tomatoes, despite shoot N 
concentrations being below the recommended range (Bryson et al., 2014) for CRF-supplied 
plants in the commercial substrate. Only corn plants provided with algal paste or the organic 
fertilizer had sufficient shoot N concentrations; plants in other treatments were visibly N 
deficient (Bryson et al., 2014). The frequency of N deficiency in corn likely indicates that the N 
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application rate was too low. Although fertilizers were applied at a standardized rate of total N, 
differences in the concentrations of mineral and organic N in the materials most likely led to 
variation in the amount of plant-available N from each fertilizer. While some treatments led to 
plants with shoot P concentrations below their recommended range (Tables 2, 3, and 4), no 
symptoms of P deficiency were present in fertilized plants (Bryson et al., 2014). Additionally, 
the trend in shoot P concentrations was not reflected in any of the plant growth metrics. Shoot K 
concentrations were considerably lower than recommended ranges for all crops (Bryson et al., 
2014). Although below the sufficient range, shoot K concentrations (Table 2) of marigold were 
above critical minimum range and no deficiency symptoms were present (Gibson et al., 2007; 
Pitchay, 2002). Symptoms of K deficiency were present in tomato plants that received algae 
paste or organic fertilizer treatments in the custom substrate and all corn plants (Tables 3 and 4). 
The severity of deficiency symptoms followed the trend of shoot K concentrations for these 
plants; those with the lowest shoot K concentration showed the most severe deficiency 
symptoms. Compositional differences in fertilizer materials led to differential application rates of 
P and K, but tissue nutrient concentrations did not reflect application rates. However, the 
complete absence of K in the organic fertilizer likely contributed to the reduced vigor of plants in 
that treatment.  
Shoot N and P concentrations of marigolds fertilized with bio-based materials were 
similar to values observed by Bi et al. (2010) for marigolds supplied with organic fertilizers, and 
shoot K concentrations were comparatively lower in our marigolds. This difference likely was 
due to the higher K concentration of the organic fertilizer used in Bi et al. (2010). Shoot nutrient 
concentrations for tomato followed a similar trend when compared to tomatoes grown with algal 
flocs by Coppens et al. (2017); shoot N and P were similar between experiments, and shoot K 
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was lower in algae-fertilized tomato plants in our work. However, despite similar fertilizer K 
concentrations for algal materials in both experiments, Coppens et al. (2017) reported shoot K 
concentrations greater than 20%, significantly greater than values reported in previous literature 
on K nutrition for tomato plants (Besford and Maw, 1974). Nonetheless, compared to other work 
with bio-based fertilizers for tomato production (Rippy et al., 2004), shoot K concentration in 
our algae-fertilized tomatoes was comparatively low. Shoot N and P concentrations in algae-
fertilized corn plants were similar to those reported by Mulbry et al. (2005, 2006) for seedlings 
grown with dried wastewater-grown algae. Shoot K concentration was not reported by Mulbry et 
al. (2005, 2006). The capability of bio-based fertilizers to provide adequate K has been the focus 
of previous research (Nelson et al., 2010), and will be an important consideration for future work 
with algal materials. Based on nutrient concentrations of plants we grew, algal fertilizers alone 
may not be sufficient for plants that require greater amounts of available K. 
Treatment-related differences in substrate pH and EC were likely caused by differing 
rates of nutrient release and the forms of N released from the fertilizers. Substrate pH was 
generally within recommended ranges and, when substrate pH was outside the recommended 
values, no detrimental effects were observed (Cavins et al., 2008; Gibson et al., 2007; LeBude 
and Bilderback, 2009). Substrate EC was also within or above recommended levels (Gibson et 
al., 2007; LeBude and Bilderback, 2009), but no damage from excess soluble salts was apparent 
in the treatments with high EC. Across crops and fertilizer treatments, substrate pH was lower 
and EC was higher in the commercial substrate, which can be attributed to the presence of an 
initial fertilizer starter charge in the commercial substrate. As a measure of soluble salts, 
substrate EC increases with higher fertilizer application. Plant uptake NH4
+ of decreases soil pH, 
while uptake of NO3
– increases substrate pH (Matteson et al., 2009). The fertilizer charge in the 
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commercial substrate likely provided additional NH4
+, leading to comparatively lower substrate 
pH in these treatments. The presence of the starter charge in the commercial fertilizer could also 
explain the interaction between substrate and fertilizer on substrate pH and EC. Release of 
soluble N from organic materials depends on the decomposition of organic matter and the 
mineralization of organic-N (Hartz et al., 2000). However, the growth of the microbes 
responsible for this decomposition can immobilize soluble N when the ratio of C to N 
surrounding an organic material is too high (Hartz et al., 2000). The presence of additional N 
from the starter fertilizer in the commercial substrate may have decreased the C:N ratio 
surrounding the bio-based materials, leading to reduced immobilization, increased breakdown of 
organic materials, and higher concentrations of N release from the bio-based fertilizers. Higher 
release rates of soluble N from the algae pellet treatments were likely the cause of increased 
substrate EC and lower substrate pH when this material was incorporated into commercial 
substrate.  
 Comparisons between life-cycle assessments of synthetic fertilizers and similar 
assessments of algae-based wastewater treatment and algal fertilizers show the potential for 
wastewater-grown algae fertilizers to reduce environmental impacts of container-crop 
fertilization (Boelee et al., 2011; Clarens et al., 2010; Pelletier et al., 2008; West and Marland, 
2002). Whereas synthetic fertilizers require resource-intensive manufacturing processes, 
wastewater-grown algae recycles nutrients from waste streams biologically (Gouveia et al. 2016; 
West and Marland, 2002). Additionally, when the environmental advantages of algae-based 
wastewater treatment over conventional nutrient-removal processes are considered, the benefits 
of these materials increase (Boelee et al., 2011; Fernández et al., 2012; Wang et al., 2010). 
Although previously limited by production bottlenecks, new technology has increased 
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productivity of wastewater-grown algae, further expanding the prospects for these materials to be 
incorporated into container-crop production systems (Christenson and Sims, 2011).  
Conclusion 
 This work demonstrates that wastewater-grown algal materials effectively provide plant 
nutrients to container-crops and be used successfully as fertilizers. Despite some variability 
among crops, performance of algal materials was similar to that of a conventional synthetic 
fertilizer and exceeded that of the commercial organic fertilizer. By supplying recycled nutrients 
sequestered from wastewater streams to plants and offsetting synthetic fertilizer use, wastewater-
grown algae fertilizers can reduce environmental impacts associated with fertilizer use in 
container-crop production. While this study has established the efficacy of wastewater-grown 
algae to supply plants with essential nutrients, continued work examining nutrient release and 
leaching potential would be useful for further assessing algae-based materials as fertilizers. 
Additionally, extending the work performed here to additional crops, especially those sensitive to 
soluble salts and low K concentrations, would be valuable for expanding our understanding of 
algae-based fertilizers and easing the incorporation of these materials into production systems.  
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Table 1. Nutrient concentrations [nitrogen (N), phosphorus (P), and potassium (K)] of 
wastewater-grown algae, controlled-release fertilizer (CRF), and commercial organic fertilizer 
used to grow french marigold (Tagetes patula L. ‘Honeycomb’), tomato (Solanum lycopersicon 
L. ‘Beefsteak’), and sweet corn (Zea mays L. ‘Ambrosia’). 
 Nutrient conc (%) 
Fertilizer type   N P K 
Wastewater-grown algae 5.2 5.1 0.6 
CRFz  16.0 2.2 9.1 
Commercial organic fertilizery 6.0 1.7 0.0 
zCRF was Florikan CORE (16.0N–2.2P–9.1K) 90-d release (Florikan ESA, Sarasota, FL). 
yCommercial organic fertilizer was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
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Table 2. Analyses of variance for fertilizer (F) and substrate (S) on health rating, growth index, 
shoot dry weight (SDW), shoot nutrient concentrations [Nitrogen (N), Phosphorus (P), and 
Potassium (K)], substrate pH, and substrate EC of french marigold (Tagetes patula L. 
‘Honeycomb’), tomato (Solanum lycopersicon L. ‘Beefsteak’), and sweet corn (Zea mays L. 
‘Ambrosia’) grown for 5weeks.  
 Fertilizer Substrate F × S 
 Marigold 
Health rating *** *** *** 
Growth index *** *** *** 
SDW *** *** ** 
N (%) *** ** NS 
P (%) *** NS NS 
K (%) *** *** NS 
pH *** *** *** 
EC *** *** *** 
 Tomato 
Health rating *** *** NS 
Growth index *** *** *** 
SDW *** *** NS 
N (%) *** *** *** 
P (%) *** * ** 
K (%) ** ** NS 
pH *** *** *** 
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Table 2 continued 
EC *** *** *** 
 Sweet corn 
Health rating *** * * 
Height *** *** ** 
SDW *** *** NS 
N (%) *** *** NS 
P (%) *** NS NS 
K (%) NS ** NS 
pH *** *** *** 
EC *** *** *** 
NS, *, **, *** Not significant or significant at P ≤ 0.05, 0.01, or 0.001, respectively 
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Table 3. Effect of fertilizer type on shoot nutrient concentration [nitrogen (N), phosphorus (P), 
and potassium (K)] of french marigold (Tagetes patula L. ‘Honeycomb’), tomato (Solanum 
lycopersicon L. ‘Beefsteak’), and sweet corn (Zea mays L. ‘Ambrosia’) grown for five weeks.  
 Shoot nutrient conc (%) 
Fertilizer type N P K 
 Marigold 
Algae paste 5.80 bz 0.96 a 2.23 a 
Algae pellet 5.96 b 0.73 b 1.84 b 
CRFy 4.80 c 0.50 c 2.23 a 
Commercial organicx 6.73 a 0.37 c 1.69 bc 
Unfertilized 1.74 d 0.20 d 1.44 c 
 Tomato 
Algae paste   —w — 0.89 b 
Algae pellet — — 1.32 a 
CRF — — 1.32 a 
Commercial organic — — 1.19 ab 
Unfertilized — — 1.33 a 
 Sweet corn 
Algae paste 3.68 b 0.95 a   —v 
Algae pellet 3.22 b 0.57 b — 
CRF 2.27 c 0.18 d — 
Commercial organic 4.40 a 0.43 bc — 
Unfertilized 1.25 d 0.20 cd — 
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Table 3 continued 
zLetters in columns indicate mean separation among fertilizers within crop by Tukey’s honestly 
significant difference (HSD) test at P ≤ 0.05 (n = 6). 
yCRF was Florikan CORE 16.0N–2.2P–9.1K 90-d release (Florikan ESA, Sarasota, FL). 
xCommercial organic was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
wShoot N and P concentrations of tomato were affected by the interaction of fertilizer and 
substrate and are presented separately. 
vShoot K concentration of sweet corn was not affected by fertilizer. 
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Table 4. Effect of substrate type on shoot nutrient concentration [nitrogen (N) or potassium (K)] 
of marigold (Tagetes patula L. ‘Honeycomb’), tomato (Solanum lycopersicon L. ‘Beefsteak’), 
and sweet corn (Zea mays L. ‘Ambrosia’) grown for five weeks.  
 Shoot nutrient concentration (%)  
 Substrate  
Nutrient Commercial Custom Sig. 
 Marigold  
N 4.81 4.19 ** 
K 1.94 1.55 *** 
 Tomato  
K 1.33 1.09 ** 
 Sweet corn  
N 2.66 3.26 *** 
K 1.62  0.97 ** 
** or *** Significant at P ≤ 0.01 or 0.001, respectively 
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Table 5. Effect of fertilizer type and substrate on shoot nutrient concentrations [nitrogen (N) and 
phosphorus (P)] of tomato (Solanum lycopersicum L. ‘Big Beef’) grown for five weeks.   
   Shoot nutrient conc (%) 
Fertilizer type N P 
Commercial substrate   
 Algae paste 2.86 Bzbcy 1.28 Aa 
 Algae pellet 3.57 Bab 0.74 Ab 
 CRFx 2.21 Acd 0.20 Ac 
 Commercial organicw 4.11 Ba 0.44 Ac 
 Unfertilized 1.14 Ad 0.27 Ac 
Custom substrate   
 Algae paste 5.28 Ab 1.62 Aa 
 Algae pellet 4.89 Ab 0.97 Ab 
 CRF 2.89 Ac 0.15 Ad 
 Commercial organic 7.34 Aa 0.60 Ac 
 Unfertilized 1.48 Ad 0.09 Bd 
zUppercase letters indicate mean separation between substrates within a fertilizer by Tukey’s 
honestly significant difference (HSD) test at P ≤ 0.05 (n = 3). 
yLowercase letters indicate mean separation among fertilizers within a substrate by Tukey’s 
honestly significant difference test at P ≤ 0.05 (n = 3). 
xCRF was Florikan CORE 16.0N–2.2P–9.1K 90-d release (Florikan ESA, Sarasota, FL). 
wCommercial organic was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI).  
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Table 6. Effect of fertilizer type and substrate on PourThru leachate pH and electrical 
conductivity (EC) for french marigold (Tagetes patula L. ‘Honeycomb’), tomato (Solanum 
lycopersicum L. ‘Big Beef’), and sweet corn (Zea mays L. ‘Ambrosia’) grown for five weeks.  
 Substrate 
 Commercial Custom 
Fertilizer type pH EC (dS·m–1) pH EC (dS·m–1) 
 French marigold 
Algae paste 5.9 Azay 1.59 Ac 5.8 Aa 1.58 Aa 
Algae pellet 5.4 Bbc 2.58 Ab 6.4 Aab 1.51 Bab 
CRF 5.1 Bc 2.26 Abc 6.3 Ab 1.73 Aa 
Commercial organicx 4.7 Bd 4.27 Aa 6.5 Aab 2.04 Ba 
Unfertilizedw 5.6 Bab 1.97 Abc 6.7 Aa 0.68 Bb 
 Tomato 
Algae paste 5.7 Ba 2.29 Abc 6.0 Aa 1.35 Bbc 
Algae pellet 5.6 Aa 4.02 Aa 5.6 Abc 2.04 Bab 
CRF 4.9 Bb 4.21 Aa 5.3 Ac 2.08 Bab 
Commercial organic 4.9 Bb 3.03 Ab 5.8 Aab 2.38 Ba 
Unfertilized 5.9 Aa 1.61 Ac 6.1 Aa 0.83 Ac 
 Sweet corn 
Algae paste 5.6 Bab  3.80 Aab 5.7 Ab 1.86 Bab 
Algae pellet 5.3 Bb 2.64 Abc 5.8 Aab 1.55 Bab 
CRF 5.7 Bab 2.01 Acd 5.6 Ab 1.10 Bab 
Commercial organic 4.8 Bc 4.35 Aa 5.9 Aab 2.11 Ba 
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Table 6 continued 
Unfertilized 5.9 Ba 1.00 Ad 6.1 Aa 0.64 Ab 
zUppercase letters within a crop indicate mean separation between substrates within a fertilizer 
by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 (n = 7).  
yLowercase letters within a crop indicate mean separation among fertilizers within a substrate by 
Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 (n = 7). 
xCRF was Florikan CORE 16.0N–2.2P–9.1K 90-d release (Florikan ESA, Sarasota, FL). 
wCommercial organic was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
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Fig. 1. Shoot dry weight, growth index, and health rating of french marigolds (Tagetes patula L. 
‘Honeycomb’) grown for 5 weeks in containers with top diameter of 11.4 cm in a glass-glazed 
greenhouse. Plants were supplied 641.2 g N·m–3 from one of four fertilizer sources [algae paste, 
algae pellets, synthetic controlled-release fertilizer (CRF), or organic fertilizer] or unfertilized. 
Fertilizer treatments were incorporated throughout one of two soilless substrates (commercial or 
custom-made). Mean separation by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 
(n = 7) is indicated by uppercase lettering for separation between substrates within a fertilizer 
and lowercase lettering for separation among fertilizers within a substrate. The interaction of 
fertilizer and substrate affected shoot dry weight, growth index, and health rating (P ≤ 0.001).  
 
Fig. 2. Shoot dry weight and health rating of tomato plants (Solanum lycopersicum L. ‘Big 
Beef’) grown for 5 weeks in containers with top diameter of 11.4 cm in a glass-glazed 
greenhouse. Plants were supplied 641.2 g N·m–3 from one of four fertilizer sources [algae paste, 
algae pellets, synthetic controlled-release fertilizer (CRF), or organic fertilizer] or unfertilized. 
Fertilizer treatments were incorporated throughout one of two soilless substrates (commercial or 
custom-made). Lettering indicates mean separation among fertilizer treatments by Tukey’s 
honestly significant difference (HSD) test at P ≤ 0.05 (n = 14). Fertilizer and substrate affected 
shoot dry weight and health rating (P ≤ 0.001).  
 
Fig. 3. Growth index of tomato plants (Solanum lycopersicum L. ‘Big Beef’)  grown for 5 weeks 
in containers with top diameter of 11.4 cm in a glass-glazed greenhouse. Plants were supplied 
641.2 g N·m–3 from one of four fertilizer sources [algae paste, algae pellets, synthetic controlled-
release fertilizer (CRF), or organic fertilizer] or unfertilized. Fertilizer treatments were 
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incorporated throughout one of two soilless substrates (commercial or custom-made). Mean 
separation by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 (n = 7) is indicated 
by uppercase lettering for separation between substrates within a fertilizer and lowercase 
lettering for separation among fertilizers within a substrate. The interaction of fertilizer and 
substrate affected shoot dry weight, growth index, and health rating (P ≤ 0.001).  
 
Fig. 4. Shoot dry weight of sweet corn (Zea mays L. ‘Ambrosia’) grown for 5 weeks in 
containers with top diameter of 11.4 cm in a glass-glazed greenhouse. Plants were supplied 641.2 
g N·m–3 from one of four fertilizer sources [algae paste, algae pellets, synthetic controlled-
release fertilizer (CRF), or organic fertilizer] or unfertilized. Fertilizer treatments were 
incorporated throughout one of two soilless substrates (commercial or custom-made). Lettering 
indicates mean separation among fertilizer treatments by Tukey’s honestly significant difference 
(HSD) test at P ≤ 0.05 (n = 14). Fertilizer and substrate affected shoot dry weight (P ≤ 0.001).  
 
Fig. 5. Height and health ratings of sweet corn (Zea mays L. ‘Ambrosia’) grown for 5 weeks in 
containers with top diameter of 11.4 cm in a glass-glazed greenhouse. Plants were supplied 641.2 
g N·m–3 from one of four fertilizer sources [algae paste, algae pellets, synthetic controlled-
release fertilizer (CRF), or organic fertilizer] or unfertilized. Fertilizer treatments were 
incorporated throughout one of two soilless substrates (commercial or custom-made). Mean 
separation by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 (n = 7) is indicated 
by uppercase lettering for separation between substrates within a fertilizer and lowercase 
lettering for separation among fertilizers within a substrate. The interaction of fertilizer and 
substrate affected height and health rating (P ≤ 0.001).  
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CHAPTER 3.     
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ALGAE FOR CONTAINER-CROP PRODUCTION 
A manuscript intended for submission to HortScience 
 
J Austin Gimondo, Christopher Currey, Darren Jarboe, and William Graves  
 
Abstract 
Drawbacks of traditional synthetic fertilizer led us to explore a biologically based (bio-
based) alternative. Our objective was to evaluate the efficacy of extruded bio-based fertilizer 
pellets containing wastewater-grown algae for production of container-crops. An experiment was 
conducted to evaluate the efficacy of six formulations of extruded algae pellets comprising 
different amounts of polylactic acid (PLA), soy flour, biochar, and wastewater-grown algae as 
fertilizers for african marigold (Tagetes erecta L.) and gerbera daisy (Gerbera jamesonii Bolus 
ex Hooker f.), and compare their performance to a synthetic controlled-release fertilizer (CRF) 
and a commercially available wastewater treatment co-product. Plant growth index, shoot dry 
weight, and shoot nutrient concentrations were measured. Bio-based fertilizers led to plants 
which were larger than those provided with the commercial wastewater treatment co-product and 
were similar to CRF-supplied plants. Based on this, two formulations warranted further study. 
Gerberas and pansies (Viola × wittrockiana Gams.) were grown in a factorial experiment with 
fertilizer and application rate as factors. At standard application rates, bio-based fertilizers again 
led to plants similar to those fertilized with CRF. However, at high fertilizer application rates, 
bio-based fertilizers had diminished or detrimental effects on plants. Extruded bio-based 
fertilizers show potential for container-crop production. As materials which supply biologically 
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sequestered and recycled nutrients, these bio-based fertilizers could reduce environmental 
impacts associated with nutrient management in container-crop production by supplanting 
synthetic fertilizers use. 
Introduction 
The United States floriculture industry is a high-value industry with sales totaling more 
than 4.37 billion USD in 2015 (U.S. Dept. Agr., 2016). Container-crops, including potted 
flowering plants, annual bedding plants, and garden crops, accounted for nearly 3.4 billion USD 
of floriculture sales (U. S. Dept. Agr., 2016). High production densities, plant quality 
requirements, and the use of soilless substrates contribute to the necessity for fertilization. 
Fertilizers provide the nutrients—primarily nitrogen (N), phosphorus (P), and potassium (K)—
that plants require for growth and development. Synthetic fertilizers, the primary source of 
nutrients used in horticultural production, account for nearly 50% of all N applications globally 
(West and Marland, 2002). However, drawbacks of synthetic fertilizers, including production 
costs and environmental impacts, have led to demand for sustainable alternatives (Carpenter et 
al. 1998; Pelletier et al., 2008).  
Non-synthetic and biologically based (bio-based) materials have been explored as 
possible replacements for synthetic fertilizer and show potential in addressing the concerns 
related to traditional fertilizer (Bi et al., 2010, McCabe et al., 2016b). Bio-based fertilizers are 
more sustainable, and their use causes reduced ecological impacts compared to synthetic 
fertilizers (Pelletier et al., 2008). Many bio-based sources have been examined for their potential 
as fertilizers, including: co-products of plant processing, such as soy flour and vegetable oils; 
animal manures; fish emulsion; co-products of wastewater treatment, like sludge and 
millorganite; and algae (Burnett et al., 2016; Mulbry et al., 2005; Nelson et al., 2010; Schrader et 
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al., 2013). Additionally, novel fertilizers combining bioplastics with bio-based nutrient sources 
have demonstrated promise for horticultural applications. (Behrens, 2017; McCabe et al., 2016a, 
2016b; Schrader et al., 2013). Of these novel materials, extruded soy-based bioplastic pellets are 
particularly interesting; these bio-based fertilizers provide a slow-release of nutrients and are 
easily incorporable into horticultural applications (Behrens, 2017; McCabe et al, 2016a).  
The potential benefits of utilizing extruded bio-based pellets to replace synthetic 
fertilizers are multifaceted. Along with most other bio-based fertilizers, these pellets can be used 
to supply plant nutrients in organic forms, as opposed to the inorganic forms provided in 
synthetic fertilizers (Behrens, 2017; McCabe et al., 2016a, 2016b; Schrader et al., 2013). Organic 
forms of N must undergo biological mineralization before becoming soluble and thus have 
reduced mobility compared to their inorganic counterparts, leading to a lower likelihood of 
nutrient loss via leaching (Gaskell and Smith, 2007; Quastel and Scholefield, 1951). 
Additionally, unlike in synthetic fertilizers, biological processes are the source of nutrients in 
these bio-based pellets, avoiding the environmental impacts associated with traditional fertilizer 
production (Calabria et al., 2012; Schrader et al., 2013). Despite the advantages that the extruded 
bio-based pellets may have over traditional fertilizers, low final nutrient concentrations and 
inadequate applied research have limited their adoption for container-crop fertilization. Along 
with continuing applied evaluation of these materials, supplementing the soy materials in the bio-
based pellets with additional nutrient supplying components to improve the concentration of 
nutrients could increase their usability. 
Wastewater-grown algae could be used as an additional nutrient-supplying component of 
the extruded bio-based pellets. Wastewater-grown algae is a co-product of biological nutrient 
removal from wastewater streams and has demonstrated fertilizing effects when applied to 
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vegetables grown in greenhouses or growth chambers (Coppens et al., 2016; Mulbry et al., 2005, 
2006). Like soy-based materials, wastewater-grown algae provides an additional source of 
biologically fixed plant nutrients. Additionally, through sequestration of plant nutrients from 
wastewater streams where they are pollutants, wastewater-grown algae accomplishes the 
additional purposes of wastewater treatment and nutrient recycling (Boelee et al., 2011; Cai et 
al., 2013; Mulbry et al., 2005). Although promising, only a small amount of research has been 
performed evaluating wastewater-grown algae as a horticultural fertilizer. There is need for 
research evaluating wastewater-grown algae as a component of extruded bio-based pellet 
fertilizers, as well as further examination of extruded bio-based pellets as container-crop 
fertilizers.  
Six formulations of extruded algal pellets comprising different amounts of the bioplastic 
polylactic acid (PLA), soy flour, biochar, and wastewater-grown algae were developed. The 
efficacy of these materials as fertilizers for gerbera and african marigold was evaluated. After 
selecting two formulations which led to the greatest plant growth, the effect of application rate 
was investigated by growing gerberas and pansies with low, medium, and high rates of two of 
the bio-based fertilizers. As an effective fertilizer, these extruded algae pellets would reduce 
reliance on synthetic fertilizers for container-crop nutrient management and lessen impacts 
associated with synthetic fertilizer use. We hypothesized that when applied at standard 
application rates, extruded algae pellets components would be effective fertilizers, and plants 
supplied with these materials would grow and develop like those provided with synthetic 
fertilizers.  
The objectives of the first experiment were to evaluate the efficacy of the six bio-based 
fertilizer formulations; quantify the effects these materials have on plant growth and 
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development; and compare the performance of bio-based fertilizers to that of a synthetic and a 
commercially available organic fertilizer. Two formulations warranting further study were 
selected, and the objectives of the second experiment were to evaluate the efficacy of the bio-
based fertilizers at low, medium, and high application rates; quantify the effects of bio-based 
fertilizer application rate on container-crop growth and development; and again, compare the 
performance of the bio-based fertilizers with that of a synthetic and a commercially available 
organic fertilizer.  
Materials and methods 
Fertilizer production 
Algae used in fertilizer materials was grown in rotating algal biofilm (RAB) systems 
(Gross et al., 2013) with simulated municipal wastewater as the growth medium. Most algae 
were Scenedesmus sp., Pediastrum sp., and Chlorella sp. Extruded pellets comprised mixtures of 
algae, soy flour, PLA  (Ingeo 2003D; NatureWorks LLC, Minnetonka, MN), and 70-mesh 
biochar (Biochar Now LLC, Loveland, CO) and were formed as described by McCabe et al. 
(2016a). Ingredients (algae, soy flour, PLA, and biochar) were inserted into a twin-screw 
extruder (MIC 27-GI-40D; Leistritz Advanced Technologies Corp., Nuremberg, Germany) via 
screw-driven feeder (Schenk AccuRate® series feeder; Schenck Process LLC, Kansas City, MO) 
and compounded in a single extrusion. Extruded material was cooled by drawing across a 
stainless steel table, then cut into pellets using a bench top pelletizer (Scheer Bay BT-25 
pelletizer; Bay Plastics Machinery, Bay City, MI).  
Fertilizer application 
Six algae-based fertilizers were developed and used alongside a CRF [Florikan CORE 
16.0N–2.2P–9.1K 90-d release (Florikan ESA, Sarasota, FL)] and a commercial organic fertilizer 
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[Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI)] (Table 1). Fertilizers were 
weighed and incorporated throughout substrate on a per-unit basis. In Expt. 1, all fertilizers were 
applied at the same standardized rate that corresponded to the medium-rate label 
recommendation of the CRF, 641.2 g N·m–3 substrate. In Expt. 2, all fertilizers were applied at 
rates that corresponded to CRF label recommended rates for low, medium, and high application, 
320.6, 641.2, and 1282.4 g N·m–3 substrate, respectively.   
Expt. 1. Production of marigold and gerbera with six algae fertilizers, CRF, and commercial 
organic fertilizer   
The objective of Expt. 1 was to evaluate efficacy of six extruded algae-based materials in 
container crops under sufficient fertility levels. Plugs of ‘Antigua’ african marigold in a 384-cell 
plug and ‘Jaguar Tangerine’ gerbera daisy in a 72-cell tray were received from a commercial 
greenhouse (Wagner’s greenhouse, Minneapolis, MN). Marigolds were transplanted into 
containers with a top diameter of 11.4 cm (STD04500; ITML, Middlefield, OH) filled with 
substrate and fertilizer treatments. Gerberas were transplanted into containers with a top diameter 
of 15.2 cm (AZE06000; ITML, Middlefield, OH) filled with substrate and fertilizer treatments. 
Substrate was a 3:1 (by volume) mix of sphagnum (Sun Gro® Peat Moss Grower Grade White; 
Sun Gro Horticulture, Agawam, MA) and perlite (Therm-O-Rock East, New Eagle, 
Pennsylvania) amended with 3 kg·m–3 ground calcium carbonate (Mississippi Lime Company, 
St. Louis, MO). Fertilizer treatments were incorporated based on fertilizer N concentrations 
(Table 1). Units were then moved to expanded metal benches at 20-cm spacing in a glass-glazed 
greenhouse and arranged by crop in a complete randomized design (n = 10 for each fertilizer 
treatment). Supplemental light was provided from 400-W high-pressure sodium lamps (HPS400; 
Sunlight Supply, Inc., Vancouver, WA) between 0600 and 2200 HR when total outdoor 
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irradiance decreased below 350 W·m–2 and was discontinued when total outdoor irradiance 
exceeded 450 W·m–2. Plants were individually irrigated to container capacity with tempered tap 
water. No supplemental fertilizer was provided. Average daily temperature during production 
was 23.3 ± 0.5°C, relative humidity ranged between 25.2% and 70.8% (mean = 44.8%), and 
mean photosynthetically active radiation (PAR) was 183.5 µmol·m–2·s–1.  
Plants were grown for 40 (marigold) or 64 d (gerbera). The PourThru extraction method 
(Cavins et al., 2008; LeBude and Bilderback, 2009) was used to collect leachate from each 
container at the end of production. Electrical conductivity (EC) and pH of the leachate samples 
were measured with a handheld pH–EC meter (HI 9813‒6; Hanna Instruments, Smithfield, RI) 
to evaluate substrate pH and soluble salt concentration. Shoot dimensions were recorded by 
measuring height from substrate surface to tallest growing point, width at widest point, and width 
perpendicular to widest point. Growth index was calculated by adding shoot height to the 
average of the two width measurements and then dividing this sum by two. Shoots were then 
severed at the root-shoot interface, dried in a forced-air oven maintained at 67°C for 3 d, and 
shoot dry weight was recorded. After shoot dry weight was measured, five shoot samples were 
randomly selected from each treatment group and sent to a commercial laboratory (AgSource 
Harris Laboratores, Lincoln, NE) to be analyzed for N, P, and K concentrations. Shoot N was 
determined with a flow injection analysis analyzer (8500 FIA; LACHAT Instruments, Loveland, 
CO), P and K were determined with an inductively coupled argon plasma atomic emission 
spectrophotometer (Optima 7300 V ICP-OESl PerkinElmer Inc., Waltham, MA).  
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Expt. 2. Production of gerbera and pansy with two algae-based fertilizers, CRF and a 
commercial organic fertilizer 
Two algae-based fertilizers containing PLA, algae, and soy flour were selected based on 
the results of Expt. 1. The nutrient contents of these fertilizers were reanalyzed to examine 
differences between pellets made at different times (Table 2). ‘Flori Line Midi Red’ gerbera 
daisies in a 144-cell tray and ‘Delta Premium Pure Light Blue’ pansies in a 288-cell tray were 
received from a commercial greenhouse (Wagner’s Greenhouse). Gerberas were transplanted 
into containers with top diameter of 15.2 cm (AZE06000), and pansies into containers with top 
diameter of 10.2 cm (STD04000; ITML, Middlefield, OH), filled with substrate and fertilizer 
treatments. Fertilizer treatments were incorporated throughout the substrate at low, medium, and 
high rates. Units were then moved to expanded metal benches at 20-cm spacing in a glass-glazed 
greenhouse and arranged by crop in a complete randomized design (n = 5 for each fertilizer × 
rate treatment for each species). Supplemental light was provided from 400-W high-pressure 
sodium lamps (HPS400; Sunlight Supply, Inc., Vancouver, WA) between 0600 and 2200 HR 
when total outdoor irradiance decreased below 350 W·m–2 and was discontinued when total 
outdoor irradiance exceeded 380 W·m–2. Plants were individually irrigated to container capacity 
with tempered tap water. Average daily temperature during production was 21.3 ± 1.4°C, relative 
humidity ranged between 10.4 and 64.2% (mean = 22.9%) and mean PAR was 71.23 µmol·m–
2·s–1. 
After five and eight weeks of growth, the PourThru extraction method (Cavins et al., 
2008; LeBude and Bilderback, 2009) was used to collect leachate from each container. Leachate 
EC and pH were measured with a handheld pH–EC meter. After eight weeks of growth, 
dimensions of shoots were recorded by measuring height, width at widest point, and width 
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perpendicular to widest point. Growth index was calculated. Shoots were then severed at the 
root–shoot interface, dried in a forced-air oven maintained at 67°C for 3 d, and weighed. Shoot 
samples were sent to a commercial laboratory (AgSource Harris Laboratores, Lincoln, NE) to be 
analyzed for N, P, and K concentrations. Shoot N was determined with a flow injection analysis 
analyzer (8500 FIA; LACHAT Instruments, Loveland, CO), P and K were determined with an 
inductively coupled argon plasma atomic emission spectrophotometer (Optima 7300 V ICP-
OESl PerkinElmer Inc., Waltham, MA).  
Statistical analysis 
Two-way analysess of variance (ANOVA; α = 0.05) and mean-separation with Tukey’s 
honestly significant difference test (HSD) at P ≤ 0.05 were performed by using RStudio (Version 
1.1.414; RStudio, Boston, MA). In Expt. 1, results reported for growth index and shoot dry 
weight are means of all replicates (n = 10) and nutritional results are means of the selected 
replicates from each treatment (n = 5). In Expt. 2, results reported represent means of all 
replicates (n = 5). 
Results 
Expt. 1. Production of marigold and gerbera with six algae‒based materials, an organic 
fertilizer, and CRF 
Marigold. Fertilizer affected growth index and shoot dry weight of marigolds (Fig. 1). All 
marigolds fertilized with algae-based materials were larger in size and weight than plants grown 
with the organic fertilizer and unfertilized plants. Growth index ranged from 10.8 to 15.8 in 
fertilized marigolds, and was highest in plants provided with CRF or PLA‒Algae‒Soy flour (50‒
25‒25). Shoot dry weight of fertilized marigolds ranged from 1.30 g (organic) to 4.58 g, (CRF). 
Of the marigolds grown with algal materials, those fertilized with PLA‒Algae‒Soy flour (50‒
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25‒25) or PLA‒Algae‒Soy flour (30‒35‒35) accumulated the most weight, which was 195% 
and 165% greater than plants grown with organic fertilizer, respectively.  
Shoot nutrient concentrations were also affected by fertilizer treatment (Table 3). Except 
those supplied with PLA‒Algae‒Soy flour (50‒25‒25) or PLA‒Algae‒Biochar (50‒40‒10), 
fertilized marigolds had shoot N concentrations higher than unfertilized plants. Algae-based 
fertilizers led to shoot N concentrations ranging from 2.03% to 3.64%, which were similar to 
those of CRF-supplied plants. Shoot P concentrations were highest in plants supplied with PLA‒
Algae‒Soy flour (30‒47‒23) or PLA‒Algae (50‒50). The other algae-based materials led to 
plants with similar P concentrations to those provided with the organic fertilizer, all of which 
were higher than those of CRF-supplied and unfertilized plants. There were limited differences 
among marigold shoot K concentrations. All of the fertilizers produced marigolds with K 
concentrations similar to those of unfertilized plants, but plants fertilized with PLA‒Algae‒Soy 
flour (30‒47‒23), PLA‒Algae‒Soy flour (30‒35‒35), PLA‒Algae‒Soy flour (30‒23‒47), or 
CRF had higher K concentrations than plants supplied the organic fertilizer.  
Fertilizer affected marigold substrate pH and EC (Table 3). Substrate pH was lowest in 
the CRF treatment at 5.9 and ranged from 6.2 to 6.8 in algae-based treatments. Among fertilized 
treatments, substrate EC ranged from 1.12 to 1.55 dS·m–1.  
Gerbera. Growth index and shoot dry weight of gerbera were affected by fertilizer and 
followed trends similar to those of marigold (Fig. 1). Growth indices of all fertilized gerberas 
were at least twice those of unfertilized plants. With the exception of PLA‒Algae‒Biochar (50‒
40‒10) and PLA‒Algae (50‒50), all treatments of algae-based materials led to gerberas with 
similar growth indices, which were to those of CRF-supplied plants and greater than those grown 
of gerbera provided with organic fertilizer. Shoot dry weight of fertilized gerberas ranged from 
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8.65 to 14.49 g, and treatments of PLA‒Algae‒Soy flour (50‒25‒25) or CRF led to the highest 
shoot dry weights. Gerberas supplied with algal materials had shoot dry weights 11 to 15 times 
greater than those of unfertilized plants.  
Shoot nutrient concentrations of gerberas were also affected by fertilizer treatment (Table 
3). The only fertilizer which led to shoot N concentration greater than that of the unfertilized 
plants was PLA‒Algae‒Soy flour (30‒47‒23), all other treatments were similar. Shoot P 
concentrations were similar among most fertilized treatments and ranged from 0.45% to 0.77%. 
Only gerberas supplied with CRF had shoot P concentrations which were not higher than those 
of unfertilized plants. There were limited differences among shoot K concentrations. All of the 
treatments led to shoot K concentrations similar to those of unfertilized plants, but plants grown 
with PLA‒Algae‒Soy flour (30‒35‒35) or CRF had shoot K concentrations higher than gerberas 
supplied with the organic fertilizer.  
Substrate pH and EC were affected by fertilizer (Table 3). Substrate pH was lowest in the 
PLA‒Algae‒Soy flour (30‒47‒23) treatment and highest in the PLA‒Algae‒Biochar (50‒40‒10) 
treatment, ranging from 5.0 to 6.3. Among fertilized treatments, substrate EC ranged from 0.92 
to 1.82 dS·m–1.  
Expt. 2. Production of pansy and gerbera with two algae-based materials, an organic fertilizer, 
and CRF 
Pansy. Fertilizer and rate had interactive effects on pansy growth index and shoot dry 
weight (Fig. 2). Pansies provided with the high rate (1284 g N·m–3) of organic fertilizer died and 
were excluded from analyses. All fertilizer treatments, except for PLA‒Algae‒Soy flour (30‒35‒
35) applied at the high rate, led to growth indices larger than those of the unfertilized plants. 
Among fertilized plants, growth index increased with fertilizer application rate only for plants 
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supplied with CRF or PLA‒Algae‒Soy flour (50‒25‒25). At the low (321 g N·m–3) and medium 
(641 g N·m–3) application rates, pansies fertilized with algae-based material had similar growth 
indices to those of CRF-supplied plants. Pansies provided the high rate of PLA‒Algae‒Soy flour 
(50‒25‒25) were larger than plants fertilized with the same rate of PLA‒Algae‒Soy flour (30‒
35‒35). For all fertilizers except the organic, shoot dry weight increased with fertilizer 
application rate up to the medium rate, after which shoot dry weight was not different, or, in the 
case of plants provided PLA‒Algae‒Soy flour (30‒35‒35), decreased. At the low application 
rate, shoot dry weight ranged from 1.58 to 1.89 g and there were no differences among fertilized 
plants. Pansies provided algae-based material or CRF at the medium application rate had similar 
shoot dry weights which ranged from 2.60 to 2.97 g. Shoot dry weights of pansies provided 
PLA‒Algae‒Soy flour (50‒25‒25) or PLA‒Algae‒Soy flour (30‒35‒35) at the high application 
rate were 36% or 66% less than those of plants provided CRF at an equal rate, respectively.  
Pansy shoot nutrient concentrations were affected by the interaction of fertilizer and 
application rate (Fig. 3). Pansy shoot N concentration increased with fertilizer application rate, 
with the exception of treatments of CRF at the medium rate and PLA‒Algae‒Soy flour (30‒35‒
35) at the low rate. Among plants provided the low rate of fertilizer, pansies supplied with CRF 
had the highest shoot N and shoot N did not differ among plants provided the other fertilizers. 
Shoot N concentrations of pansies fertilized with algae-based materials or CRF were similar at 
each application rate, but, at the high application rate, treatments of PLA‒Algae‒Soy flour (30‒
35‒35) led to plants with lower shoot N than CRF-supplied plants. Overall, pansy shoot P 
concentration increased with increasing fertilizer application rate. However, at the lowest 
application rate only plants provided with the organic fertilizer had shoot P higher than the 
unfertilized plants. When supplied with PLA‒Algae‒Soy flour (50‒25‒25) at the medium 
68 
 
application rate, pansies had lower shoot P than when provided CRF at an equal rate, but 
otherwise pansies growth with algae-based material or CRF had similar shoot P concentration. 
At the high application rate, shoot P concentration ranged from 0.40% to 0.49%, and there were 
no differences among fertilizer treatments. Pansy shoot K concentrations were only greater than 
those of unfertilized plants when supplied with the high rate of algae-based material or CRF, or 
PLA‒Algae‒Soy flour (50‒25‒25) at the medium application rate. Shoot K concentrations 
ranged from 1.04% to 1.95%, 1.13% to 2.22%, and 2.93% to 3.24%, at low, medium, and high 
rates, respectively, but there were no differences in shoot K concentration among fertilizer 
treatments within each application rate.  
Fertilizer and application rate had interactive effects on pansy substrate pH (Table 4) and 
EC (Table 5) after five weeks. Substrate pH was also affected by the interaction of fertilizer and 
application rate after eight weeks, but only main effects were significant for substrate EC. At 
both five and eight weeks, EC increased with application rate for all fertilizers.  
Gerbera. Fertilizer and application rate had interactive effects on gerbera growth index 
and shoot dry weight (Fig. 2.). After the initial increase of growth index from that of unfertilized 
plants to those of plants provided fertilizers, growth index did not increase further with higher 
fertilizer application rates. Instead, growth index decreased for gerberas provided PLA‒Algae‒
Soy flour (30‒35‒35) or organic fertilizer, compared to plants fertilized with the medium rate of 
the same materials. Among fertilizers, differences in growth index were only present at the high 
rate, at which CRF-supplied gerberas had larger growth index than those provided PLA‒Algae‒
Soy flour (30‒35‒35) or organic fertilizer. Gerbera shoot dry weight followed the same trend. 
Aside from the initial increase in shoot dry weight from that of unfertilized plants to those of 
gerberas provided a low rate of fertilizer, shoot dry weight did not change with rate. Except those 
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provided with CRF, gerberas supplied with fertilizer at high application rates had similarly 
decreased shoot dry weights compared to plants fertilized with medium rates of the same 
materials. Within application rates, there were only differences in shoot dry weight among 
fertilizers at the high rate, at which shoot dry weight of plants fertilized with CRF was 86% to 
162% greater than those of the other treatments.  
Fertilizer and application rate affected gerbera shoot N and K concentrations, and their 
interaction affected shoot P concentration (Fig. 3). Compared to shoot N concentrations of 
unfertilized plants, shoot N increased by 108%, 184%, and 246%, when gerberas were provided 
fertilizer at low, medium, and high application rates, respectively. Treatments of CRF or organic 
fertilizer led to gerberas with similar shoot N concentrations which were on average 10% higher 
than those of gerberas fertilized with the algae-based materials.  Gerbera shoot P concentration 
increased with application rate, but at the low application rate only gerberas fertilized with the 
organic fertilizer had higher shoot P concentration than unfertilized plants. Treatments of algae-
based materials led to plants with similar shoot P concentrations at each application rate, which 
were similar to those of CRF-supplied plants at the medium rate, and higher than those of CRF-
supplied plants at the high rate. Shoot K concentration increased with fertilizer application rate, 
but only plants supplied the medium rate of PLA‒Algae‒Soy flour (30‒35‒35) or CRF, or the 
high rate of any fertilizer, had shoot K concentrations higher than unfertilized plants. Shoot K 
concentrations of gerberas provided algae-based materials were similar to those of CRF-supplied 
plants when provided at high rates.  
Fertilizer and application rate had interactive effects on gerbera substrate pH (Table 4) 
and EC (Table 5) after five weeks. Substrate pH was also affected by the interaction of fertilizer 
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and application rate after eight weeks, but only main effects were significant for substrate EC. At 
both five and eight weeks, EC increased with application rate for all fertilizers. 
Discussion 
Our results indicate that these extruded bio-based materials provide plant-available 
nutrients to container-crops and can be used as fertilizers for the production of marigolds, 
gerberas, and pansies. Additionally, at the same rates, the performance of these bio-based 
fertilizers was similar to that of CRF and similar to or better than that of the organic fertilizer. 
However, we observed diminished returns or reduced plant performance at high application rates 
of bio-based fertilizers, indicating the need for precise fertilizer application rates when utilizing 
bio-based materials. These bio-based fertilizer pellets could partially supplant synthetic 
fertilizers in container-crop production systems, and, as a fertilizer which includes biologically 
sequestered and recycled nutrients, reduce the environmental impacts associated with nutrient 
management in these systems.  
Overall, growth and quality of plants provided with standard rates of extruded algae-
based fertilizers exceeded those of unfertilized plants. Additionally, the performance of algae-
based fertilizers was similar to or better than that of the organic fertilizers, and some bio-based 
pellet formulations led to plants similar in size and quality to those provided with CRF. These 
results are consistent with related work with extruded bio-based fertilizers for the production of 
container-crops (McCabe et al., 2016a), and with wastewater-grown algal materials to produce 
corn seedlings and tomatoes (Coppens et al., 2017; Mulbry et al., 2005, 2006). McCabe et al. 
(2016a) used bio-based fertilizer materials similar in composition to those used in this work, 
which included PLA, soy plastic with adipic acid, and biochar as fertilizer for french marigold, 
snapdragon (Antirrhinum majus L.), and cyclamen (Cyclamen persicum Mill.) production. 
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McCabe et al. (2016a) reported that when provided with bio-based fertilizer at standard rates, 
these container-crops were similar in size and quality to plants fertilized with synthetic CRF, and 
at high rates, bio-based fertilizers diminished plant growth and quality compared to CRF-
supplied plants. McCabe et al. (2016a) noted an area which warranted additional investigation 
was the incorporation of supplemental bio-based nutrient sources to bolster the nutrient 
concentrations of the extruded fertilizer materials. These results demonstrate wastewater-grown 
algae effectively provide plant-available nutrients when incorporated into extruded bio-based 
pellets. This efficacy aligns with research by Mulbry et al. (2005, 2006) and Coppens et al. 
(2017) who demonstrated container-grown corn and tomatoes fertilized with wastewater-grown 
algal materials were healthy and comparable to synthetically fertilized plants. Furthermore, as 
reviewed by Burnett et al. (2016) and Treadwell et al. (2007), bio-based fertilizers are typically 
effective for the production of container-crops when applied at standard rates. Our results align 
well with the literature by demonstrating the efficacy of extruded bio-based fertilizers for these 
container-crops, and expand on previous work by showing wastewater-grown algae can be an 
additional nutrient source for extruded bio-based pellet fertilizers.  
Comparisons between measured shoot nutrient concentrations and published sufficiency 
ranges help to explain some trends in the plant growth we observed.  In the first experiment, 
fertilized african marigold shoot nutrient concentrations were above critical deficiency levels, but 
were mostly below recommended best management ranges (Gibson et al., 2007; Pitchay, 2002). 
Shoot nutrient concentrations of all fertilized gerberas were at or above sufficiency ranges for N 
and P, but were significantly below the recommended range for shoot K concentration (Jeong et 
al., 2009). Fertilized marigolds and gerbera which were the smallest and of the poorest visual 
quality also had low shoot K concentrations. Additionally, some african marigolds displayed 
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severe K deficiency symptoms including downward curling of leaves, drooping appearance, and 
leaf necrosis (Gibson et al., 2007). The combination of mostly adequate N and P concentrations 
with reduced K concentrations and deficiency symptoms indicates K was the limiting nutrient for 
plant growth and development. In Expt. 2, shoot N concentrations of pansies were slightly below 
the recommended range at low fertilizer application rates and increased to sufficient values at 
medium and high rates (Gibson et al., 2007). Shoot concentrations of P and K were critically low 
in pansies provided with a low rate of bio-based or organic fertilizers, or a medium rate of 
organic fertilizer (Pitchay, 2002). Shoot N and P concentrations of gerbera were mostly below 
the recommended range at the low rate of fertilizers, but were within the recommended range at 
higher application rates (Jeong et al., 2009). Shoot K concentrations of all gerbera plants were 
below the recommended level at the low rate, remained slightly deficient at the medium rate, 
and, except for the organic-fertilized plants, reached sufficient concentrations at the high 
application rate (Jeong et al., 2009). At low application rates, gerbera and pansy growth was 
likely limited by multiple nutrients, as indicated by their reduced size, poor visual quality, and 
low shoot nutrient concentrations. At medium and high application rates, shoot nutrient 
concentrations do not provide much information for explaining plant growth responses. While 
shoot nutrient concentrations are useful for evaluating plant nutrition in many situations, plant 
size must also be considered when comparing nutrient concentrations between these fertilizer 
treatments. In the results of Expt. 2, a portion of the differences between nutrient concentrations 
at the medium and high rates was likely caused by differences in plant size; high application 
rates of the organic or bio-based fertilizers led to reduced plant growth, but shoot nutrient 
concentrations were higher in these treatments. Shoot nutrient concentration results from these 
experiments indicates at standard rates these extruded bio-based fertilizers provide plant-
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available nutrients, but may not supply adequate K for plant growth. The K adequacy of bio-
based fertilizers has been questioned before (Nelson et al., 2010), and bio-based fertilizers are 
often supplemented with additional K supplying materials to account for this (Burnett et al., 
2016; Treadwell et al., 2007)  
Substrate pH and EC are critical factors in container-crop nutrient management, and 
extreme pH or EC caused by fertilizers may also affect plant growth responses. There is a limited 
range of substrate pH in which plants can acquire proper quantities of required nutrients; 
substrate pH levels outside of the optimal range, typically between 5.0 and 6.5, can cause both 
nutrient deficiencies and phytotoxicities (Gibson et al., 2007; Nelson et al., 2010). Substrate EC 
is an indicator of soluble salts in the substrate solution; low substrate EC indicates a lack of 
available nutrients, while very high substrate EC signals concentrations of salts which may lead 
to root damage (Gibson et al., 2007). In Expt. 1, substrate pH and EC for both marigold and 
gerbera were mostly within recommended ranges for these crops, and in the few instances where 
pH and EC were outside these ranges there were no detrimental effects observed (Gibson et al., 
2007; Jeong et al., 2009). However, in Expt. 2, the interactive effect of fertilizer and application 
rate led to some treatments with substrate pH values much lower than recommended ranges for 
both crops (Gibson et al., 2007; Jeong et al., 2009). Additionally, substrate EC was much higher 
than the recommended ranges in some treatments. It is recommended that pansies are grown in 
substrates with pH of 5.6 to 6.2; pansies are susceptible to nutrient deficiencies at higher 
substrate pH, and NH4
+ toxicity at low pH (Gibson et al., 2007; Nelson et al., 2010). Although 
some fertilizer treatments led to substrate pH values significantly below the recommended range 
for pansies, none of the plants in these treatments exhibited signs which would indicate being 
adversely affected by low substrate pH. Similarly, the visual quality of gerbera did not correlate 
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to substrate pH values. High substrate EC may have caused the reduced performance observed in 
plants provided with high rates of fertilizer. High concentrations of soluble salts damage roots 
and distort foliage, and young plants exposed to substrates with extreme EC can be permanently 
stunted or killed by root damage (Gibson et al., 2007). McCabe et al. (2016a) suspected that high 
nutrient release rates from high rates of extruded bio-based fertilizers caused damage to plugs 
when they were transplanted and this damage led to reduced overall size and weight. 
Furthermore, Schrader et al. (2013) found that soy-based bioplastics can inhibit root growth and 
development. It is likely plants provided with high rates of fertilizer in Expt. 2 were damaged by 
high salt content in the substrate solution which inhibited their growth, or, in the case of pansies 
provided with the high rate of organic fertilizer, killed the plants. Specifically quantifying bio-
based fertilizer nutrient release rates and effects on substrate quality will be necessary for future 
incorporation of these materials into horticultural applications. 
Comparing life-cycle assessments of the components of these extruded bio-based 
fertilizers with similar assessments for the production and use of synthetic fertilizers provides an 
estimate of the potential for these extruded bio-based fertilizers to reduce environmental impacts 
of container-crop fertilization (Boelee et al., 2011; Clarens et al., 2010; Pelletier et al., 2008; 
West and Marland, 2002; Vink and Davies, 2015). Specifically, the differing nutrient sources for 
these fertilizers are of interest. Whereas synthetic fertilizers require resource-intensive 
manufacturing processes, the nutrients supplied by these bio-based materials are biologically 
sequestered (Calabria et al., 2012; Gouveia et al. 2016; Schrader et al., 2013; West and Marland, 
2002). Furthermore, when the environmental advantages of algae-based wastewater treatment 
over conventional nutrient removal processes are considered, the benefits of these materials 
increase (Boelee et al., 2011; Fernández et al., 2012; Wang et al., 2010). Displacement of 
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synthetic fertilizer use with bio-based fertilizers has multifaceted potential for increasing the 
sustainability of nutrient management in container-crop production. 
Conclusion 
This work demonstrates that extruded bio-based fertilizers that include wastewater-grown 
algae are effective fertilizers. Despite some variability among crops, performance of extruded 
bio-based pellets was similar to that of a conventional synthetic fertilizer and exceeded that of 
the commercial organic fertilizer. Extruded bio-based pellet fertilizers reduce environmental 
impacts associated with fertilizer use in container-crop production by supplying biologically 
sequestered and recycled nutrients to plants and offsetting synthetic fertilizer use. This study has 
established the efficacy of bio-based materials containing wastewater-grown algae to supply 
plants with essential nutrients, but further work examining nutrient release and leaching potential 
would be useful for further assessing these materials as fertilizers. Additionally, extending the 
work performed here to additional crops, especially those sensitive to soluble salts and low K 
concentrations, would be valuable for expanding our understanding of these extruded bio-based 
fertilizers and easing the incorporation of these materials into production systems. 
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Table 1. Nutrient concentrations [nitrogen (N), phosphorus (P), and potassium (K)] of extruded 
algae-based materials, controlled-release fertilizer (CRF), and commercial organic fertilizer used 
to grow african marigold (Tagetes erecta L. ‘Antigua’) and gerbera daisy (Gerbera jamesonii 
Bolus ex Hooker f. ‘Jaguar Tangerine’). 
 Nutrient concentration (%) 
Fertilizer type (percentage by weight) N P K 
PLAz‒Algae (50‒50)y 3.23 0.90 0.40 
PLA‒Algae‒Soy flour (50‒25‒25) 3.74 0.97 0.59 
PLA‒Algae ‒Biochar (50‒40‒10)y 2.59 0.70 0.30 
PLA‒Algae‒Soy flour (30‒35‒35) 5.00 1.65 0.77 
PLA‒Algae‒Soy flour (30‒47‒23) 5.24 1.31 1.35 
PLA‒Algae‒Soy flour (30‒23‒47) 4.73 1.87 0.67 
CRFx 16.00 2.20 9.10 
Commercial organicw 6.00 1.70 0.00 
zPLA = polylactic acid  
ySufficiently ground materials could not be recovered from these fertilizers. Values for P and K 
reported here were calculated from P and K of component materials.  
xCRF was Florikan CORE (16.0N–2.2P–9.1K) 90-d release (Florikan ESA, Sarasota, FL) 
wCommercial organic fertilizer was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
 
 
 
 
80 
 
Table 2. Nutrient concentrations [nitrogen (N), phosphorus (P), and potassium (K)] of extruded 
algae-based materials, controlled-release fertilizer (CRF), and commercial organic fertilizer used 
to grow gerbera daisy (Gerbera jamesonii Bolus ex Hooker f. ‘Flori Line Midi Red’) and pansies 
(Viola × wittrockiana Gams. ‘Delta Premium Pure Light Blue’). 
 Nutrient concentration (%) 
Fertilizer type (percentage by weight) N P K 
PLAz‒Algae‒Soy flour(50–25–25z) 3.32 0.95 1.44 
PLA‒Algae‒Soy flour(30–35–35) 5.23 1.40 2.05 
CRFy 16.00 2.20 9.10 
Commercial organic fertilizerx 6.00 1.70 0.00 
zPLA = polylactic acid 
yCRF was Florikan CORE (16.0N–2.2P–9.1K) 90-d release (Florikan ESA, Sarasota, FL) 
xCommercial organic fertilizer was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
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Table 3. Effect of fertilizer type on shoot nutrient concentrations [nitrogen (N), phosphorus (P), and potassium (K)], and PourThru 
leachate pH and electrical conductivity (EC) for marigold (Tagetes erecta L. ‘Antigua’) and gerbera daisy (Gerbera jamesonii Bolus 
ex Hooker f. ‘Jaguar Tangerine’) grown for 40 and 64 d, respectively.  
 Shoot nutrient concn (%)  PourThru leachate 
Fertilizer type (percentage by weight) N P K pH EC (µS·cm–1) 
 African marigold 
PLAz‒Algae‒Soy flour (30‒47‒23) 3.64 aby 0.77 a 1.48 ab 6.8 a 1.12 c 
PLA‒Algae‒Soy flour (30‒35‒35) 2.60 bc 0.50 b 1.62 a 6.4 bc 1.27 abc 
PLA‒Algae‒Soy flour (30‒23‒47) 2.73 bc 0.50 b 1.52 ab 6.2 cd 1.52 ab 
PLA‒Algae‒Biochar (50‒40‒10) 2.11 cd 0.52 b 0.75 c 6.4 b 1.14 c 
PLA‒Algae (50‒50) 3.43 ab 0.91 a 0.82 c 6.7 a 1.05 cd 
PLA‒Algae‒Soy flour (50‒25‒25) 2.03 cd 0.43 b 1.17 abc 6.6 ab 1.17 c 
CRFx 3.09 abc 0.25 c 1.67 a 5.8 e 1.55 a 
Organicw 3.99 a 0.50 b 0.95 c 5.9 e 1.25 bc 
Unfertilized 0.91 d 0.07 c 1.23 abc 5.9 de 0.83 d 
 Fertilizer ***u *** *** *** *** 
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Table 3 continued 
 Gerbera daisy 
PLA‒Algae‒Soy flour (30‒47‒23) 4.79 a 0.73 a 1.38 abc 5.0 e 1.80 a 
PLA‒Algae‒Soy flour (30‒35‒35) 4.63 ab 0.74 a 1.50 ab 5.9 ab 0.97 b 
PLA‒Algae‒Soy flour (30‒23‒47) 4.29 ab 0.69 ab 1.34 abc 5.8 bc 1.20 ab 
PLA‒Algae‒Biochar (50‒40‒10) 3.52 ab 0.77 a 1.00 bc 6.3 a 0.92 b 
PLA‒Algae (50‒50) 3.77 ab 0.69 ab 0.90 c 5.5 cd 1.82 a 
PLA‒Algae‒Soy flour (50‒25‒25) 3.43 ab 0.66 ab 1.16 abc 6.0 ab 1.17 ab 
CRF 3.87 ab 0.45 bc 1.56 a 5.2 de 1.73 a 
Organic 4.37 ab 0.68 ab 0.95 c 5.8 bc 1.36 ab 
Unfertilized 2.65 b 0.28 c 1.53 abc 6.0 ab 0.83 b 
 Fertilizer * ** *** *** *** 
zPLA = polylactic acid 
yLetters indicate mean separation among treatments within a species by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 
(n = 10 for pH and EC, n = 5 for nutritional values).  
yCRF was Florikan CORE (16.0N–2.2P–9.1K) 90-d release (Florikan ESA, Sarasota, FL) 
Table 3 continued 
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xCommercial organic fertilizer was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
u*, **, *** Significant at P ≤ 0.05, 0.01, 0.001, respectively. 
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Table 4. Effect of fertilizer type and rate on substrate pH for pansy (Viola × wittrockiana Gams. ‘Delta Premium Pure Light Blue’) 
and gerbera daisy (Gerbera jamesonii Bolus ex Hooker f. ‘Flori Line Midi Red’) grown for 56 days. 
 Applied N (g N·m–3) 
 321 621 1284 321 621 1284 
Fertilizer type (percentage by weight) Week 5 Week 8 
 pH, pansy 
PLAz‒Algae‒Soy flour (30‒35‒35) 5.6 Byax 5.5 Ba 6.7 Aa 5.3 Aa 5.1 Ab 4.7 Bb 
PLA‒Algae‒Soy flour (50‒25‒25) 5.8 Aa 5.2 Bab 5.7 Ab 4.9 Ab 5.2 Ab 5.2 Aa 
CRFw 4.8 Ab 5.0 Ab 4.9 Ac 4.3 Ac 4.3 Ac 4.1 Ac 
Organicv 5.7 Ba 5.5 Ba 6.4 Aa 5.5 ABa 5.8 Aa 5.2 Ba 
Unfertilizedu 4.6 4.4 
 Fertilizer (F) *** *** 
 Concentration (C) *** *** 
 F × C *** *** 
 pH, gerbera daisy 
PLA‒Algae‒Soy flour (30‒35‒35) 4.8 Ba 5.2 Ba 6.6 Aa 5.7 Aa 5.9 Aa 5.6 Aa 
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Table 4 continued 
PLA‒Algae‒Soy flour (50‒25‒25) 4.5 Ca 5.3 Ba 6.6 Aa 5.7 Aa 5.5 Aa 5.0 Bb 
CRF 4.3 Ba 5.2 Aa 4.3 Bc 4.6 Bb 5.0 Ab 4.2 Bc 
Organic 4.5 Ba 4.8 Ba  5.8 Ab 4.8 Bb 5.5 Aa 5.6 Aa 
Unfertilized 4.5 4.3 
 F *** *** 
 C *** *** 
 F × C *** *** 
zPLA = polylactic acid. 
yUppercase letters in columns indicate mean separation by crop within a fertilizer treatment among N application rates by Tukey’s 
honestly significant difference (HSD) test at P ≤ 0.05 (n = 5). 
xLowercase letters in columns indicate mean separation by crop within N application rates among fertilizer treatments by Tukey’s HSD 
test at P ≤ 0.05 (n = 5).  
wCRF was Florikan CORE (16.0N–2.2P–9.1K) 90-d release (Florikan ESA, Sarasota, FL). 
vCommercial organic fertilizer was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
uMean separation results are not listed for comparisons with unfertilized plants.  
*** Significant at P ≤ 0.001. 
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Table 5. Effect of fertilizer type and rate on electrical conductivity (EC) for pansy (Viola × wittrockiana Gams. ‘Delta Premium Pure 
Light Blue’) and gerbera daisy (Gerbera jamesonii Bolus ex Hooker f. ‘Flori Line Midi Red’) grown for 56 days. 
 Applied N (g N·m–3) 
 321 621 1284 321 621 1284 
Fertilizer type (percentage by weight) Week 5 Week 8 
 EC (dS·m–1), pansy 
PLAz‒Algae‒Soy flour (30‒35‒35z) 0.64 Byax 0.86 Ba 1.81 Aab 0.72 Ba 1.04 Ba 1.86 Aa 
PLA‒Algae‒Soy flour (50‒25‒25) 0.68 Ba 0.82 Ba 1.60 Ab 0.76 Aa 0.77 Aa 0.94 Ac 
CRFw 0.69 Ca 0.95 Ba 1.57 Ab 0.85 Ba 0.90 Ba 1.56 Aab 
Organicv 0.72 Ca 1.05 Ba 1.96 Aa 0.69 Aa 0.88 Aa 1.17 Abc 
Unfertilizedu 0.61 0.56 
 Fertilizer (F) *** *** 
 Concentration (C) *** *** 
 F × C * NS 
 EC (dS·m–1), gerbera daisy 
PLA‒Algae‒Soy flour (30‒35‒35) 0.76 Ba 1.04 Bc 2.29 Ab 1.35 Ba 1.11 Ba 2.89 Ab 
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Table 5 continued 
PLA‒Algae‒Soy flour (50‒25‒25) 0.86 Ba 1.29 Bbc 2.40 Ab 0.85 Ba 1.31 Ba 2.52 Ab 
CRF 0.89 Ca 1.89 Bb 2.71 Ab 1.56 Ba 1.85 Ba 3.38 Aab 
Organic 1.16 Ca 2.80 Ba 4.20 Aa 0.87 Ca 2.14 Ba 4.31 Aa 
Unfertilized 0.68  0.93  
 F *** *** 
 C *** *** 
 F × C ** * 
zPLA = polylactic acid 
yUppercase letters in columns indicate mean separation by crop within a fertilizer treatment among N application rates by Tukey’s 
honestly significant (HSD) difference test at P ≤ 0.05 (n = 5). 
xLowercase letters in columns indicate mean separation by crop within N application rates among fertilizer treatments by Tukey’s HSD 
test at P ≤ 0.05 (n = 5).  
wCRF was Florikan CORE (16.0N–2.2P–9.1K) 90-d release (Florikan ESA, Sarasota, FL). 
vCommercial organic fertilizer was Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI). 
uMean separation results are not listed for comparisons with unfertilized plants. 
NS, *, **, *** Not significant or significant at P ≤ 0.05, 0.01, 0.001, respectively. 
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Fig. 1. Shoot dry weight (g) and growth index of marigolds (Tagetes erecta L. ‘Antigua’) grown 
for 40 d in containers with top diameter of 11.4 cm and gerberas (Gerbera jamesonii Bolus ex 
Hooker f. ‘Jaguar Tangerine’)  grown for 64 days in containers with top diameter of 15.2 cm. 
Plants were supplied 641.2 g N·m–3 from one of eight fertilizer sources [PLA‒Algae‒Soy flour 
(30‒47‒23), PLA‒Algae‒Soy flour (30‒35‒35), PLA‒Algae‒Soy flour (30‒23‒47), PLA‒
Algae‒Biochar (50‒40‒10), PLA‒Algae (50‒50), PLA‒Algae‒Soy flour (50‒25‒25), a synthetic 
controlled release fertilizer (CRF), or a commercially available organic fertilizer] or unfertilized. 
Percent (by weight) of polylactic acid (PLA), soy flour, wastewater-grown algae, and biochar in 
fertilizer materials are indicated. Fertilizer treatments were incorporated throughout soilless 
substrate. Fertilizer affected shoot dry weight and growth index of both species (P ≤ 0.001). 
Mean separation among fertilizer treatments is indicated by different letters and was determined 
by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 (n = 10).  
 
Fig. 2. Shoot dry weight (g) and growth index of pansies (Viola × wittrockiana Gams. ‘Delta 
Premium Pure Light Blue’) and gerberas (Gerbera jamesonii Bolus ex Hooker f. ‘Flori Line 
Midi Red’) grown for 56 d in containers with top diameters of 10.2 and 15.2 cm, respectively. 
Plants were supplied 340.6, 641.2, or 1282.4 g N·m–3 from one of four fertilizer sources [PLA‒
Algae‒Soy flour (30‒35‒35), PLA‒Algae‒Soy flour (50‒25‒25), a synthetic controlled release 
fertilizer (CRF), or a commercially available organic fertilizer] or unfertilized. Percent (by 
weight) of polylactic acid (PLA), wastewater-grown algae, and soy flour in fertilizer materials 
are indicated. Fertilizer treatments were incorporated throughout soilless substrate. Pansies 
supplied 1282.4 g N·m–3 of organic fertilizer died and were not included in analysis. Fertilizer 
and rate had interactive effects on shoot dry weight and growth index (P ≤ 0.001). Mean 
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separation among fertilizer treatments within a rate is indicated by different letters and was 
determined by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 (n = 5).  
 
Fig. 3. Shoot nutrient concentrations [nitrogen (N), phosphorus (P), and potassium (K)] of 
pansies (Viola × wittrockiana Gams. ‘Delta Premium Pure Light Blue’) and gerberas (Gerbera 
jamesonii Bolus ex Hooker f. ‘Flori Line Midi Red’) grown for 56 d in containers with top 
diameters of 10.2 and 15.2 cm, respectively. Plants were supplied 340.6, 641.2, or 1282.4 g  
N·m–3 from one of four fertilizer sources [PLA‒Algae‒Soy flour (30‒35‒35), PLA‒Algae‒Soy 
flour (50‒25‒25), a synthetic controlled release fertilizer (CRF), or a commercially available 
organic fertilizer] or unfertilized. Percent (by weight) of polylactic acid (PLA), wastewater-
grown algae, and soy flour in fertilizer materials are indicated respectively. Fertilizer treatments 
were incorporated throughout soilless substrate. Pansies supplied 1282.4 g N·m–3 of the organic 
fertilizer died and were not included in analysis. Fertilizer and rate had interactive effects on 
pansy shoot N and P and gerbera shoot P concentrations (P ≤ 0.01). Fertilizer and application 
rate affected pansy shoot K and gerbera shoot N and K (P ≤ 0.001). Lettering indicates mean 
separation among fertilizer treatments within a rate by Tukey’s honestly significant difference 
test (HSD) at P ≤ 0.05 (n = 5). 
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CHAPTER 4.     
ESTABLISHMENT AND GROWTH OF PERENNIAL RYEGRASS ON SAND USING 
BIO-BASED FERTILIZERS CONTAINING WASTEWATER-GROWN ALGAE 
A manuscript intended for submission to HortScience 
 
J Austin Gimondo, Adam Thoms, Christopher Currey, Darren Jarboe, and William Graves  
 
Abstract 
Drawbacks of traditional synthetic fertilizer led us to explore a biologically based (bio-
based) alternative. Our objective was to evaluate the efficacy of extruded bio-based fertilizer 
pellets containing wastewater-grown algae for the establishment of perennial ryegrass (Lollium 
perenne L.) on sand. An experiment was conducted to evaluate the efficacy of six formulations 
of extruded algae pellets comprising different amounts of polylactic acid (PLA), soy flour, 
biochar, and wastewater-grown algae, and compare their performance to commercially available 
synthetic and organic fertilizers. Perennial ryegrass fertilized with bio-based fertilizers 
performed similarly to perennial ryegrass fertilized with commercially available fertilizers. 
Based on this, two formulations warranted further study. A factorial experiment was initiated 
with fertilizer and application rate as factors. Perennial ryegrass coverage increased with 
applications of synthetic fertilizer, and perennial ryegrass root length was negatively impacted by 
increasing fertilizer application rate. Low relative humidity and rapid substrate drying are 
suspected to have caused concentration of salts from fertilizers, reducing ryegrass seedling 
establishment and growth. Variability between experiment results indicates that additional 
environmental factors play a significant role in the efficacy of extruded algae fertilizers. 
However, these fertilizers show potential for turfgrass applications, and through supplanting the 
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use of synthetic fertilizers could reduce environmental impacts associated with turfgrass 
fertilization. 
Introduction 
Turfgrass and lawn care is a high value sector of the United States’ horticulture industry, 
with a total estimated economic impact of nearly 58 billion USD in 2002 (Haydu et al., 2006). 
Turfgrass production and maintenance spans both professionally and personally managed 
systems, including: golf courses and sports turfs, along with home and public lawns. These 
systems are intensively managed, requiring considerable resources for their upkeep, including 
significant fertilizer application (Law et al., 2004; Christians et al., 2017). Conventional 
fertilizers used for turfgrass are primarily synthetic, and include nutrients from resource-
demanding and nonrenewable sources (Christians et al., 2017; West and Marland, 2007). 
Drawbacks of synthetic fertilizers, specifically the environmental impacts associated with their 
production and use, and increasing regulatory oversight have led to demand for alternatives to 
synthetic fertilizers (Carpenter et al., 1998; Marshall et al. 2015; Pelletier et al., 2008).  
Biologically based (bio-based) materials have been explored as possible replacements for 
synthetic fertilizer, and demonstrate potential for addressing the concerns related to traditional 
fertilizers (Landschoot and Waddington, 1987; Marshall et al., 2015). Bio-based fertilizers are 
more sustainable, and their use causes reduced environmental impacts compared to synthetic 
fertilizers (Morris and Bagby, 2008; Nelson, 2005; Pelletier et al., 2008). However, incorporation 
of bio-based fertilizers into turfgrass nutrient management regimes can be limited by fertilizer 
efficacy, costs, and ease of implementation (Christians et al., 2017). Many bio-based materials 
are currently used, or have been explored, as turfgrass fertilizers, with notable examples 
including: corn-gluten meal, composts, animal manures, biosolids/sludge, and extruded soy-
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based bioplastic pellets (Behrens, 2017; Cheng et al., 2007; Christians, 1993; Garling and 
Boehm, 2001). Of particular recent interest are extruded soy-based bioplastic pellets, novel 
materials demonstrated to provide a slow-release of nutrients and that are easily incorporable 
into horticultural applications, including turfgrass (Behrens, 2017; McCabe et al, 2016).  
The potential benefits of utilizing extruded bio-based pellets to replace synthetic 
fertilizers are multifaceted. Along with most other bio-based fertilizers, extruded bio-based 
pellets can be used to supply plant nutrients in organic forms, as opposed to the inorganic forms 
provided in synthetic fertilizers (Behrens, 2017; McCabe et al., 2016; Schrader et al., 2013). 
Organic forms of nitrogen must undergo biological mineralization before becoming soluble and 
thus have reduced mobility compared to their inorganic counterparts, leading to a lower 
likelihood of nutrient loss via leaching (Gaskell and Smith, 2007; Quastel and Scholefield, 
1951). Additionally, unlike synthetic fertilizers, nutrients provided by these bio-based pellets are 
fixed through biological processes, avoiding the environmental impacts associated with synthetic 
fertilizer manufacturing (Calabria et al., 2012; Schrader et al., 2013). During preliminary 
evaluation of these materials as turfgrass fertilizers, Behrens (2017) observed improved visual 
quality of turfgrass provided with the bio-based pellets, though not quantitatively measured. 
Despite the advantages extruded bio-based pellets may have over traditional fertilizers, low final 
nutrient concentrations and inadequate applied research have limited their adoption for turfgrass 
nutrient management. Along with continuing applied evaluation of these materials, 
supplementing the soy materials in the bio-based pellets with additional nutrient supplying 
components to improve the concentration of nutrients could increase their usability. 
Wastewater-grown algae could potentially be used as a nutrient-supplying component of 
the extruded bio-based pellets. Wastewater-grown algae is a co-product of biological nutrient 
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removal from wastewater streams and has been used as a fertilizer for vegetables grown in 
greenhouses or growth chambers effectively, although there is no literature on its application to 
turfgrass systems (Coppens et al., 2016; Mulbry et al., 2005, 2006). Like the soy-based 
components, wastewater-grown algae provides an additional source of biologically fixed 
nutrients. Additionally, wastewater-grown algae sequesters plant nutrients from wastewater 
streams where they are pollutants serving the additional purposes of wastewater treatment and 
nutrient recycling (Boelee et al., 2011; Cai et al., 2013; Mulbry et al., 2005). Although 
promising, only a small amount of research has been performed evaluating wastewater-grown 
algae as a fertilizer. There is a need for research evaluating extruded bio-based pellets as 
turfgrass fertilizers, as well as wastewater-grown algae as a component of extruded bio-based 
pellet fertilizer.  
Six formulations of extruded algae pellets comprising the bioplastic PLA, soy flour, and 
wastewater-grown algae were developed for this experiment. One formulation also included 
biochar. The efficacy of these materials as fertilizers for use during the establishment and growth 
of perennial ryegrass on a sand substrate in rooting tubes was evaluated. After selecting two 
formulations that led to the greatest plant growth, the effect of application rate was investigated 
by growing perennial ryegrass in rooting tubes with low, medium, and high rates of the 
fertilizers. As an effective fertilizer, these extruded algae pellets could reduce reliance on 
synthetic fertilizers for turfgrass nutrient management and lessen impacts associated with 
synthetic fertilizer use. We hypothesized that when applied at standard rates, extruded algae 
pellets would perform as turfgrass fertilizers effectively, and plants supplied with these materials 
would be similar in health and size to those provided traditional synthetic fertilizers.  
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The objectives of the first study were to evaluate the efficacy of the six extruded algae 
pellet formulations as fertilizers; quantify the effect of these materials on turfgrass establishment 
and growth; and compare the performance of the extruded algae fertilizers to that of 
commercially available synthetic and organic fertilizers. The objectives of the second experiment 
were to evaluate the efficacy of the extruded algae pellets at low, medium, and high fertilizer 
application rates; quantify the effects of extruded algae fertilizer application rate on turfgrass 
establishment; and again, compare the performance of the extruded algae fertilizers with 
commercially available synthetic and organic fertilizers across application rates. 
Materials and methods 
Fertilizer production 
Algae used in fertilizer materials was grown in rotating algal biofilm (RAB) systems 
(Gross et al., 2013) with simulated municipal wastewater as the growth medium. Most algae 
were Scenedesmus sp., Pediastrum sp., and Chlorella sp. (M. Gross, personal communication). 
Extruded pellets comprised mixtures of algae, soy flour, PLA (Ingeo 2003D; NatureWorks LLC, 
Minnetonka, MN), and 70-mesh biochar (Biochar Now LLC, Loveland, CO) and were formed as 
described by McCabe et al. (2016a). Ingredients (algae, soy flour, PLA, and biochar) were 
inserted into a twin-screw extruder (MIC 27-GI-40D; Leistritz Advanced Technologies Corp., 
Nuremberg, Germany) via a screw-driven feeder (Schenk AccuRate® series feeder; Schenck 
Process LLC, Kansas City, MO) and compounded in a single extrusion. Extruded material was 
cooled by drawing across a stainless-steel table, then cut into 2- to 3-mm3 pellets using a bench-
top pelletizer (Scheer Bay BT-25 pelletizer; Bay Plastics Machinery, Bay City, MI).  
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Fertilizer application 
Six algae-based fertilizers were developed and used along with a synthetic fertilizer [Turf 
Builder Starter 24N–10.5P–3.3K (The Scotts Company, Maryville, OH)] and an organic 
fertilizer [Milorganite 6.0N–1.7P–0.0K (Milorganite, Milwaukee, WI)] (Table 1). Fertilizer 
treatments were weighed and applied to substrate on a per-unit basis. All fertilizers were applied 
at a rate of 4.8 g N·m–2 during Expt. 1, and rates of 2.4, 4.8, and 9.6 g N·m–2 during Expt. 2 
representing low, medium, and high application rates, respectively.   
Expt. 1. Establishment of perennial ryegrass on sand with six algae fertilizers, synthetic 
fertilizer, and organic fertilizer 
The objective was to evaluate the efficacy of six extruded algae-based materials during 
perennial ryegrass establishment and growth under sufficient fertility levels. Rooting tubes 
similar to those described by Bonos et al. (2004) were constructed of polyvinyl chloride (PVC) 
pipe with 5-cm outer diameter, 3.8-cm inner diameter and 61.0-cm length, and lined with clear, 
low-density polyethylene tubing (0.1016 mm thickness). Tubes were filled with sand conforming 
to USGA particle size specifications. Seeds of perennial ryegrass (Lolium perenne L. 
‘Sideways’) were sown at 43.94 g·m–2 in the rooting tubes. Fertilizer treatments were applied at 
time of seeding. Rooting tube units were then placed in a glass-glazed greenhouse. Sand 
substrate was kept moist throughout the trial via individual mist irrigation with tempered tap 
water. No supplemental fertilizer was provided. Average daily air temperature during growth 
was 25.9 °C (±2.5°C), and relative humidity (RH) ranged from 30.1 to 78.7% (mean = 62.4%).  
Weekly digital images of rooting tubes were captured in a light box and analyzed using 
ImageJ (National Institutes of Health, Bethesda, MD) to measure shoot coverage area similar to 
methods used by Soldat et al. (2012). After 10 weeks of growth, the grass was harvested from the 
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rooting tubes by removing the poly-tubing lining and washing the sands from the roots. The total 
length of the root system in each rooting tube was measured. Shoots were separated from roots, 
dried in a forced-air oven maintained at 67°C for 3 d, and shoot dry weight (SDW) was recorded. 
Roots were dried in the same manner as shoots, subjected to a loss on ignition method in a 
muffle-oven at 400°C for 12 h, and root ash weight was recorded.  
Expt. 2. Establishment of a perennial ryegrass blend on sand with two algae fertilizers, synthetic 
fertilizer, and organic fertilizer 
Two algae fertilizers were selected for further evaluation based on the results of Expt. 1. 
The nutrient concentrations of these fertilizers were reanalyzed to examine differences between 
batches of pellets manufactured at different times (Table 2). Rooting tubes were constructed and 
filled as in Expt. 1. A blend of ‘Notable’, ‘Attribute’, and ‘Prototype’ perennial ryegrasses was 
sown at 23.68 g·m–2 into rooting tubes, and fertilizer treatments were applied per unit at seeding. 
Rooting tube units were then placed in a glass-glazed greenhouse. Sand substrate was kept moist 
throughout the trial via individual mist irrigation with tempered tap water. No supplemental 
fertilizer was supplied. Average daily air temperature during growth was 21.4 °C (±1.4°C) and 
RH ranged from 9.4 to 64.2% (mean = 23.1%).  
Beginning after six weeks, weekly digital images of rooting tubes were captured in a light 
box and analyzed using ImageJ (National Institutes of Health) to measure shoot coverage area 
similar to methods used by Soldat et al. (2012). After 10 weeks of growth, the grass was 
harvested from the rooting tubes by removing the poly tubing lining and washing the sands from 
the roots. The total length of the root system in each rooting tube was measured. Shoots were 
separated from roots, dried in a forced-air oven maintained at 67°C for 3 d, and SDW was 
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recorded. Roots were dried in the same manner as shoots, subjected to a loss on ignition method 
in a muffle-oven at 400°C for 12 h, and root ash weight was recorded. 
Statistical analysis 
Expt. 1 was arranged in a completely randomized design (n = 5). Expt. 2 was a two-way 
factorial arranged in a completely randomized design (n = 5 for each fertilizer × application rate). 
All statistical analyes were performed by using RStudio (Version 1.1.414; RStudio, Boston, 
MA). Data were analyzed for analyses of variance (ANOVA; α = 0.05), interaction effects, and 
mean-separation with Tukey’s honestly significant difference test (HSD) at P ≤ 0.05. 
Results 
Expt. 1.  Establishment of perennial ryegrass on sand with six algae fertilizers, synthetic 
fertilizer, and organic fertilizer 
Fertilizer and time had interactive effects on turfgrass area of green cover (AGC), but 
there were no differences in ryegrass cover among algae-based fertilizer treatments (Fig. 1). 
Turfgrass AGC did not differ among treatments for the first 28 d of the experiment. After 28 d 
the synthetic and algae-based fertilizers led to higher AGC than the unfertilized treatment. Cover 
of turfgrass provided with organic fertilizer was higher than that of the unfertilized plants, except 
on day 29, 63, and 69 of the trial when it was not different. Algae-fertilized perennial ryegrass 
increased in AGC over time, but reached a peak AGC 29 to 51 d after planting, after which cover 
decreased.  
Shoot dry weight and root ash weight were affected by fertilizer (Fig. 2), but root length 
was not. Perennial ryegrass root lengths were similar among all fertilized plants and averaged 
62.0 cm. Treatments of PLA‒Algae‒Soy flour (30‒47‒23), PLA‒Algae‒Soy flour (30‒23‒47), 
and PLA‒Algae‒Soy flour (50‒25‒25) led to shoot dry weights 129%, 112%, and 106% larger 
101 
 
than those of unfertilized ryegrass, respectively. Like shoot dry weights, root ash weights were 
similar among all fertilized perennial ryegrass. Treatments of PLA‒Algae‒Soy flour (50‒25‒25), 
PLA‒Algae‒Soy flour (50‒50‒0), or PLA‒Algae‒Biochar (50‒40‒10) led to root ash weights 
similar to those of unfertilized plants, while root ash weights of plants fertilized with PLA‒
Algae‒Soy flour (30‒47‒23), PLA‒Algae‒Soy flour (30‒35‒35), and PLA‒Algae‒Soy flour 
(30‒23‒47) were 95%, 95%, and 91% higher than those of unfertilized plants, respectively. 
Expt. 2. Establishment of a perennial ryegrass blend on sand with two algae fertilizers, synthetic 
fertilizer, and organic fertilizer 
The interaction of fertilizer and time affected AGC, but concentration and its interactions 
did not (Fig. 3). Perennial ryegrass AGC only differed among treatments at 63 and 70 d when the 
synthetic fertilizer led to coverages 107% to 288% and 86% to 245% greater than the other 
treatments, respectively. All fertilizer treatments led to coverages which increased with time, 
while coverage of the unfertilized treatment did not change over time. Coverage of perennial 
ryegrasses provided with PLA‒Algae‒Soy flour (30‒35‒35) or the organic fertilizer did not 
increase until 70 d after experiment onset. The AGC of perennial ryegrass supplied with PLA‒
Algae‒Soy flour (50‒25‒25) increased after 63 d, but did not change between 63 and 70 d. 
Treatments of synthetic fertilizer increased coverage at both 63 and 70 d. 
Fertilizer and concentration affected root length (Fig. 4), while root ash weight was only 
affected by fertilizer (Fig 5.) There were no differences in shoot dry weights among treatments, 
which averaged 75.62 mg. Treatments of PLA‒Algae‒Soy flour (30‒35‒35) or the organic 
fertilizer reduced perennial ryegrass root lengths by half compared to unfertilized perennial 
ryegrass and perennial ryegrass provided PLA‒Algae‒Soy flour (50‒25‒25) or synthetic 
fertilizer. Across fertilizer treatments perennial ryegrass root length was decreased by an average 
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2.39 cm per g N·m–2 applied (Fig. 4). None of the fertilizer treatments led to root ash weights 
that were different than those of unfertilized plants (Fig. 5). The only differences in perennial 
ryegrass root ash weights were between synthetically fertilized plants, which had the largest root 
ash weight, and those fertilized with either PLA‒Algae‒Soy flour (30‒35‒35) or organic 
fertilizer, which had the smallest root ash weight.  
Discussion 
Our results indicate that these extruded bio-based materials can provide nutrients in plant-
available forms and enhance growth of perennial ryegrass. Additionally, at standard application 
rates, these bio-based fertilizers perform similarly to synthetic and organic fertilizers. However, 
fertilizer performance varied when environmental conditions differed between experiments, 
indicating that additional care must be taken when utilizing bio-based fertilizers during perennial 
ryegrass establishment. As bio-based fertilizers that include biologically sequestered and 
recycled nutrients, these extruded pellets could reduce the environmental impacts associated with 
fertilization of turfgrass by partially supplanting synthetic fertilizer use.  
Perennial ryegrass establishment and growth were enhanced by the extruded bio-based 
fertilizers when applied at standard rates in Expt. 1. Comparable work by McCabe et al. (2016) 
using extruded soy-based bioplastic pellets for container-crop production led to similar results.  
McCabe et al. (2016) observed that at standard fertilizer application rates, materials comprising 
PLA and soy components supplied container-crops with the nutrients necessary for crop growth 
and development effectively, aligning with our observations. Additionally, the results of this 
work quantitatively support Behrens (2017) observations that extruded bio-based fertilizers 
improved turfgrass quality. McCabe et al. (2016) noted that an area that warranted additional 
attention was the need for supplemental bio-based nutrient sources that could be used to further 
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increase the nutrient concentrations of the extruded fertilizer materials. By establishing the 
nutrient-providing efficacy of wastewater-grown algae as an extruded pellet component, these 
results indicate wastewater-grown algae could occupy that niche. Furthermore, these results 
expand on the limited literature evaluating wastewater-grown algae as a fertilizer. Mulbry et al. 
(2005, 2006) and Coppens et al. (2016) demonstrated container-grown vegetables supplied with 
wastewater-grown algae as fertilizer were healthy and comparable to conventionally fertilized 
plants, aligning well with these results. Extruded bio-based materials comprising PLA, soy 
components and wastewater-grown algae can enhance turfgrass growth when applied at standard 
fertilizer application rates.   
While the potential efficacy of extruded bio-based fertilizers was shown by the results of 
our first experiment, similar results were not observed in the second experiment. In Expt. 2, 
perennial ryegrass germination was delayed and root, shoot, and coverage development were 
reduced by organic and bio-based fertilizer treatments. Additionally, root ash weight and length 
were lowest in perennial ryegrass provided with fertilizers that were primarily bio-based 
components, and root length was reduced by increasing fertilizer application rates. This could be 
due to reduced relative humidity in the greenhouse (Expt. 1 mean RH was 62.4% while Expt. 2 
mean RH was only 23.1%) led to accelerated substrate drying causing temporary increases in 
concentration of fertilizer salts and NH4
+ around seedlings, inhibiting growth and development. 
It has been reported that seedlings are prone to damage by salt and NH4
+ toxicities, and increased 
concentration of NH4
+ in close proximity to seeds can limit germination and prevent 
physiological processes necessary for development (Barker et al., 1969; Britto and Kronzucker, 
2002). The effects of NH4
+ were especially pronounced in the bio-based and organic treatments. 
During mineralization organic-N is first converted into NH4
+, and then typically undergoes 
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additional conversion to NO2
–, then NO3
– by nitrifying bacteria (Quastel and Scholefield, 1951). 
However, rate of nitrification is reduced in pure sand substrates, and also decreases with 
substrate moisture (Quastel and Scholefield, 1951). Additionally, soluble salts and NH4
+ from 
the fertilizers would be concentrated in the remaining water as substrate water content decreased. 
Linde and Hepner (2005) observed similar results when turfgrass germination and establishment 
was delayed by high salt and NH4
+ concentrations from a biosolid compost amendment. Hunter 
and Rosenau (1966) and Westwood and Foy (1999), also each demonstrated reduced seed 
germination and development caused by heightened NH4
+ concentrations during the growth of 
maize and broomrape, respectively. Additionally, it has been reported that root development can 
be affected by extruded soy-based bioplastic materials containing components similar to the 
extruded bio-based fertilizers in this work (Schrader et al., 2013). The observed variability in 
fertilizer performance between experiments and heightened potential for toxicity effects indicates 
the need for additional care when utilizing these bio-based materials as fertilizer, specifically 
during germination and early establishment. 
 Conclusion 
This work demonstrates extruded bio-based fertilizers including wastewater-grown algae 
as a nutrient source can be used as fertilizer during the establishment of perennial ryegrass 
effectively. Although the performance of these fertilizers was affected by the environment, bio-
based fertilizers were as effective as synthetic fertilizer under optimal growing conditions. By 
supplying biologically sequestered nutrients to turfgrass and offsetting synthetic fertilizer use, 
bio-based fertilizers could reduce environmental impacts associated with turfgrass nutrient 
management. While this study has established the potential for these extruded bio-based 
materials to be used as turfgrass fertilizers, continued work examining nutrient release under 
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specific environmental conditions, as well as in soil-based substrates, will be necessary for 
optimizing their incorporation into turfgrass systems.   
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Table 1. Nutrient [nitrogen (N), phosphorus (P), and potassium (K)] concentrations of extruded 
algae-based materials, commercial synthetic fertilizer, and commercial organic fertilizer used 
during experiment 1 to grow ‘Sideways’ perennial ryegrass (Lolium perenne L.).   
 Nutrient concentration (%) 
Fertilizer type (percentage by weight) N P K 
PLAz‒Algae (50‒50)y 3.23 0.90 0.40 
PLA‒Algae‒Soy flour (50‒25‒25) 3.74 0.97 0.59 
PLA‒Algae ‒Biochar (50‒40‒10)y 2.59 0.70 0.30 
PLA‒Algae‒Soy flour (30‒35‒35) 5.00 1.65 0.77 
PLA‒Algae‒Soy flour (30‒47‒23.3) 5.24 1.31 1.35 
PLA‒Algae‒Soy flour (30‒23‒47) 4.73 1.87 0.67 
Commercial synthetic fertilizerx 24.00 10.50 3.30 
Commercial organic fertilizerw 6.00 1.70 0.00 
zPLA = poly(lactic) acid. 
ySufficiently ground materials could not be recovered from these fertilizers. P and K values 
reported here were calculated from the P and K contents of component materials.  
xCommercial synthetic fertilizer was Turf Builder Starter (The Scotts Company, Maryville, OH).  
wCommercial organic fertilizer was Milorganite (Milorganite, Milwaukee, WI). 
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Table 2. Nutrient [nitrogen (N), phosphorus (P), and potassium (K)] concentrations of extruded 
algae-based materials, commercial synthetic fertilizer, and commercial organic fertilizer used 
during experiment 2 to grow a blend of ‘Notable’, ‘Attribute’, and ‘Prototype’ perennial 
ryegrasses (Lolium perenne L.). 
 Nutrient concentration (%) 
Fertilizer type (percentage by weight) N P K 
PLA‒Algae‒Soy flour (50‒25‒25z) 3.32 0.95 1.44 
PLA‒Algae‒Soy flour(30‒35‒35) 5.23 1.40 2.05 
Commercial synthetic fertilizery 24.00 10.50 3.30 
Commercial organic fertilizerx 6.00 1.70 0.00 
PLA = poly(lactic) acid. 
zPercentage by weight of materials in each fertilizer. 
yCommercial synthetic fertilizer was Turf Builder Starter (The Scotts Company, Maryville, OH) 
xCommercial organic fertilizer was Milorganite (Milorganite, Milwaukee, WI). 
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Fig. 1. Area of green cover of perennial ryegrass (Lolium perenne L.) grown in rooting tubes 
filled with sand. Perennial ryegrass seeds were supplied 4.8 g N·m–2 from one of eight fertilizer 
sources [PLA‒Algae‒Soy flour (30‒47‒23), PLA‒Algae‒Soy flour (30‒35‒35), PLA‒Algae‒
Soy flour (30‒23‒47), PLA‒Algae‒Biochar (50‒40‒10), PLA‒Algae (50‒50), PLA‒Algae‒Soy 
flour (50‒25‒25), a synthetic fertilizer, or a commercially available organic fertilizer] or 
unfertilized at seeding. Percentage (by weight) of polylactic acid (PLA), wastewater-grown 
algae, soy flour, and biochar in fertilizer materials are indicated respectively. Coverage did not 
differ among plants provided algae-based fertilizer treatments, so these results were pooled for 
presentation. The interaction of fertilizer and time affected perennial ryegrass coverage (P ≤ 
0.05). Mean separation among fertilizer treatments within a time is indicated by different letters 
and was determined by Tukey’s honestly significant difference (HSD) test at P ≤ 0.05 (n = 5). 
  
Fig. 2. Shoot dry weight and root ash weight of perennial ryegrass (Lolium perenne L.) grown in 
rooting tubes filled with sand. Seeds of ryegrass were supplied 4.8 g N·m–2 from one of eight 
fertilizer sources [PLA‒Algae‒Soy flour (30‒47‒23), PLA‒Algae‒Soy flour (30‒35‒35), PLA‒
Algae‒Soy flour (30‒23‒47), PLA‒Algae‒Biochar (50‒40‒10), PLA‒Algae (50‒50), PLA‒
Algae‒Soy flour (50‒25‒25), a synthetic fertilizer, or a commercially available organic fertilizer] 
or unfertilized at seeding. Percentage (by weight) of polylactic acid (PLA), wastewater-grown 
algae, soy flour, and biochar in fertilizer materials are indicated respectively. Shoot dry weight 
and root ash weight were affected by fertilizer (P ≤ 0.01). Mean separation is indicated by 
different letters and was determined by Tukey’s honestly significant difference (HSD) test at P ≤ 
0.05 (n = 5). 
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Fig. 3. Area of green cover of blend of perennial ryegrass (Lolium perenne L.) grown in rooting 
tubes filled with sand. The blend was supplied 2.4, 4.8, or 9.6 g N·m–2 from one of four fertilizer 
sources [PLA‒Algae‒Soy flour (30‒35‒35), PLA‒Algae‒Soy flour (50‒25‒25), a synthetic 
fertilizer, or a commercially available organic fertilizer], or was unfertilized at seeding. 
Percentage (by weight) of polylactic acid (PLA), wastewater-grown algae, soy flour, and biochar 
in fertilizer materials are indicated respectively. Application rate and its interactions did not 
affect perennial ryegrass coverage. Fertilizer and time had interactive effects on coverage of 
perennial ryegrass (P ≤ 0.05). Mean separation among fertilizer treatments within a time is 
indicated by different letters and was determined by Tukey’s honestly significant difference 
(HSD) test at P ≤ 0.05 (n = 5). 
 
Fig. 4. Root length of a blend of perennial ryegrass (Lolium perenne L.) grown in rooting tubes 
filled with sand. The blend was supplied 2.4, 4.8, or 9.6 g N·m–2 from one of four fertilizer 
sources [PLA‒Algae‒Soy flour (30‒35‒35), PLA‒Algae‒Soy flour (50‒25‒25), a synthetic 
fertilizer, or a commercially available organic fertilizer], or was unfertilized at seeding. 
Percentage (by weight) of polylactic acid (PLA), wastewater-grown algae, soy flour, and biochar 
in fertilizer materials are indicated respectively. Root length was affected by fertilizer and 
application rate (P ≤ 0.001). Mean separation among fertilizer treatments within an application 
rate is indicated by different letters and was determined by Tukey’s honestly significant 
difference (HSD) test at P ≤ 0.05 (n = 5). 
 
Fig. 5. Root ash weight of a blend of perennial ryegrass (Lolium perenne L.) grown in rooting 
tubes filled with sand. The blend was supplied 2.4, 4.8, or 9.6 g N·m–2 from one of four fertilizer 
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sources [PLA‒Algae‒Soy flour (30‒35‒35), PLA‒Algae‒Soy flour (50‒25‒25), a synthetic 
fertilizer, or a commercially available organic fertilizer], or was unfertilized at seeding. 
Percentage (by weight) of polylactic acid (PLA), wastewater-grown algae, soy flour, and biochar 
in fertilizer materials are indicated respectively. Root ash weight was affected by fertilizer (P ≤ 
0.001). Mean separation is indicated by different letters and was determined by Tukey’s honestly 
significant difference (HSD) test at P ≤ 0.05 (n = 5). 
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CHAPTER 5.     
GENERAL CONCLUSIONS AND FUTURE RESEARCH 
General Conclusions 
My goal for this research was to evaluate the horticultural potential of wastewater-grown 
algae as a fertilizer and as a component of extruded bio-based fertilizer pellets. Utilizing algae 
harvested from wastewater treatment systems as a fertilizer has been discussed extensively in 
literature, but very few experimental trials have been conducted. This work has quantified the 
responses of plants cultivated with wastewater-grown algae as a fertilizer. The results confirm 
claims previously made that were speculative or based on small-scale evaluations. I found that 
pellet or paste forms of wastewater-grown algae harvested directly from a pilot-scale municipal 
wastewater treatment system provided plants with adequate nutrients effectively and enhanced 
the growth of container-grown crops. Furthermore, this research demonstrates that wastewater-
grown algae has value as a prospective component of extruded bio-based pellet fertilizers. While 
extruded bio-based fertilizers have previously shown promise for horticultural applications, 
wastewater-grown algae can fill the documented need for supplemental nutrient-supplying 
components in these materials. Additionally, it was identified that high applications of these bio-
based fertilizers can have detrimental effects on plants, indicating the need for precise 
application when using these fertilizers. Information gathered from this work establishes 
wastewater-grown algae as a viable fertilizer that can be directly used in place of synthetic 
fertilizers at standard rates, expands our understanding of bio-based nutrient management for 
horticultural crops, and provides a foundation for future work to evaluate algae-based fertilizers.  
Incorporating wastewater-grown algae fertilizers into horticultural applications would 
have positive impacts besides the successful production of crops. Supplanting synthetic 
fertilizers with bio-based materials avoids the environmental damage associated with synthetic 
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fertilizer production and use. Providing plants with biologically sequestered nutrients instead of 
synthetically manufactured ones would reduce carbon emissions, nonrenewable phosphate 
reserve depletion, and fossil fuel use. Furthermore, utilizing wastewater-grown algae as a 
fertilizer can prevent anthropogenic nutrient loss by recycling nutrients from wastewater streams 
where they are pollutants and have formerly been unrecoverable. By demonstrating additional 
uses for wastewater-grown algae, this work could provide incentive for the adoption of algae-
based wastewater treatment. Increasing the prevalence of algae-based wastewater treatment 
systems would be an additional benefit resulting from algae-based fertilizer use; these systems 
provide advantages over conventional wastewater treatment systems, including carbon 
sequestration and reduced fossil fuel use.  
Overall, this report has expounded the multifaceted benefits of incorporating wastewater-
grown algae fertilizers into horticultural applications. Through demonstrating the efficacy of 
these materials as fertilizers, this work serves as both a proof-of-concept for algae-based 
fertilizers and as a foundation for future work evaluating these materials and leading to their 
integration into nutrient management systems.  
Recommendations for Future Work 
While this thesis details the efficacy of wastewater-grown algae as a fertilizer and as a 
component of extruded bio-based fertilizer pellets, there is a need for continued work with these 
materials before they can be readily adapted into horticultural production systems. Variability in 
the effectiveness of the wastewater-grown algae fertilizers among crops, substrates, and 
environments indicates that to predict performance with reliability these materials must be tested 
in conditions and for crops specific to in situ production settings. Additional work to examine the 
interactions of algae-based fertilizers with substrate components and moisture, and with air and 
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substrate temperatures, would enable the prediction of fertilizer responses across growing 
conditions. The investigation of the performance of these materials in a range of crops, especially 
crops with specialized nutrient requirements or sensitivities, would serve as a final step toward 
making these materials fully incorporable into horticultural systems. An additional area of 
concern related to fertilizers that merits further examination for algae-based materials is leaching 
and nutrient loss. As mentioned throughout this thesis, fertilizer nutrient loss is a significant 
cause for concern related to synthetic fertilizers. Although research suggests that organic nutrient 
forms are less likely to be lost via leaching and runoff compared to inorganic forms, targeted 
research evaluating release rates and potential nutrient loss from algae-based fertilizers will be 
necessary to ensure the sustainability of algae-based fertilizer use. Lastly, full life cycle and 
economic analyses of wastewater-grown algal materials would quantify the changes in 
sustainability and economics that would occur as synthetic fertilizers were supplanted by algal 
fertilizers. 
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APPENDIX A 
PHOTOS OF REPRESENTATIVE PLANTS FROM EXPERIMENTS 
 
 
Fig. 1. Representative french marigold tomato, and sweet corn plants grown with algae pellets and paste. Described in chapter 2.   
  
122 
1
2
2 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Representative african marigolds and gerbera daisies grown with extruded bio-based fertilizers. Percentage by weight of 
fertilizer components is indicated. Described in chapter 3. 
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Fig. 3. Representative pansies grown with extruded bio-based fertilizers at various application rates. Percentage by weight of fertilizer 
components is indicated in parentheses. Described in chapter 3 
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Fig. 4. Representative gerbera daisies grown with extruded bio-based fertilizers at various application rates. Percentage by weight of 
fertilizer components is indicated in parentheses. Described in chapter 3. 
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Fig. 5. Perennial ryegrass in rooting tubes and in a light box. Described in chapter 4. 
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APPENDIX B 
CONFOCAL MICROSCOPIC IMAGES OF BIOPLASTIC PELLET AND EXTRUDED BIO-BASED FERTILIZER 
SURFACES 
 
Fig. 1. 20X image of the surface topography of an Ingeo PLA 2003D (NatureWorks LLC, Minnetonka, MN) bioplastic pellet taken 
with a Leica SP5 X MP confocal/multiphoton microscope system (Leica Microsystems, Inc., Buffalo Grove, Illinois). The developed 
interfacial area of the bioplastic pellet, which indicates how actual surface area differs from a perfectly smooth surface, was 16.2%. 
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Fig. 2. 20X image of the surface topography of a PLA‒Algae‒Soy flour (50‒25‒25) pellet taken with a Leica SP5 X MP 
confocal/multiphoton microscope system (Leica Microsystems, Inc., Buffalo Grove, Illinois). The developed interfacial area of the 
bio-based fertilizer pellet, which indicates how actual surface area differs from a perfectly smooth surface, was 506.0%. 
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APPENDIX C 
VIRTUAL PLANT-WALK CREATED FOR A TREES, SHRUBS, AND WOODY VINES 
FOR LANDSCAPING COURSE 
While performing as a teaching assistant for the Woody Trees, Vines, and Shrubs for 
Landscape Use course during the Fall Semester of 2017, I created a Virtual Plant-walk as a 
teaching resource. The Virtual Plant-walk was a multimedia product comprising a map marking 
the locations of 24 woody plant species, 157 embedded photos of these plants in the landscape 
and of identifying characteristics of the species, and an accompanying document detailing 
species descriptions and uses. The Virtual Plant-walk replaced one class session and provided 
students a method to learn the plants for that week. 
 
Virtual Plant-walk hyperlink: 
https://drive.google.com/open?id=16_y2kYhxyuPvkdHcZoaXP8KceFLyWrNQ&usp=sharing 
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Table. 1. Plant species included in the virtual plant-walk 
Species Common Name 
Abies balsamea balsam fir 
Abies concolor white fir 
Abies fraseri Fraser fir 
Chamaecyparis pisifera false cypress 
Hamamelis vernalis vernal witchhazel 
Hamamelis virginiana common witchhazel 
Juniperus chinensis Chinese juniper 
Juniperus communis common juniper 
Juniperus horizontalis creeping juniper 
Juniperus procumbens Japanese garden juniper 
Juniperus sabina savin juniper 
Juniperus squamata ‘Blue Star’ ‘Blue Star’ single seed juniper 
Juniperus virginiana eastern redcedar 
Larix decidua European larch 
Microbiota decussata Russian arborvitae 
Parrotia persica Persian ironwood 
Picea abies Norway spruce 
Picea glauca White spruce 
Picea omorika Serbian spruce 
Picea pungens var. glauca Colorado blue spruce 
Pseudotsuga menziesii Douglas fir 
Liquidambar styraciflua Sweetgum 
Thuja occidentalis Eastern arborvitae 
Tsuga canadensis Canadian hemlock 
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Fig. 1. Examples of photos included in the virtual plant-walk for Larix decidua (European larch). Photos of all plant locations and 
notable features were embedded in the virtual plant-walk map.
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